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Abstract 
Routes to sterically demanding organofluorine-containing phosphines are 
described, and the stereoelectronic properties and chemistry of the resulting 
new ligands investigated. 
The synthesis of Cy2P(CF=CF2), 3, has been accomplished. The nucleophilic 
substitution of Ph2P(CF=CF2) with 
tBuLi produces the (Z)-isomer, Ph2P(Z-
CF=CF(tBu)), 5-(Z), predominantly, which has been shown to be less 
electron-withdrawing than Ph2P(CF=CF2), and similar in size to 3. 
The bis-trifluoropropynyl substituted phosphine PhP(tfp)2, 7, has been 
prepared, and its reaction with tBuLi investigated. This results in the 
formation of three previously unknown species, the gem-
difluorocyclopropenyl-containing compound, PhtBuP(dfcp), 8, (Z)-
Ph2P(CH=C(
tBu)CF3), 9, and Ph
tBuP(tfp), 10. The nucleophilic substitution 
occurs preferentially at the phosphorus centre, as shown by the reaction with 
one equivalent of tBuLi at -60°C, where compounds 9 and 10 are formed. 
A new route to perfluoroalkyl-containing phosphines has been discovered. 
The addition of a perfluoroalkyl iodide to Ph2PSiMe3 results in the formation 
of six new phosphines, and has been shown to be extendable to partially 
fluorinated systems. The route can also be applied to iPr2PSiMe3, and to the 
chiral phosphine PhMePSiMe3. Three examples, Ph2PRf (Rf = CF(CF3)2, 15, 
(sC4F9), 18, (cyc-C6F11), 19), have been produced on a preparative scale.  
The reaction of the bis-trimethylsilyl phenyl phosphine with (CF3)2CFI has 
been investigated, though it does not result in the production of the bis-
perfluoroalkyl-substituted phosphine, instead the previously unknown P-
chiral compound, PhP(H)CF(CF3)2, 27 is formed. 
Mechanistic studies have indicated that Ph2P-PPh2 is the intermediate, and 
that there is no evidence of a radical mechanism. There is no reaction 
between Me2(S)P-P(S)Me2 and (CF3)2CFI, though there is when Me2P-P(S)Me2 
is used, suggesting that the lone pair of the intermediate diphosphine is 
necessary for the reaction to proceed. This has resulted in the formation of 
the new compound, Me2PCF(CF3)2, 28.  
The chemistry of the perfluoroalkyl-containing phosphines has been 
investigated; they do not quaternise, but are oxidatively sensitive. The 
phosphorus(V) selenides of 15, 18, and 19 have been prepared, and based 
on their 1JPSe coupling constants, the perfluoroalkyl-groups impart a greater 
electron-withdrawing effect than perfluorovinyl, trifluoropropynyl, or alkoxy 
fragments. The oxidation of 15 and 18 with XeF2 has also been 
accomplished, and shown to yield the corresponding F2PPh2Rf compounds. 
The molybdenum(0) pentacarbonyl complexes of 3, 7, and 15 have been 
synthesised and perfluoroalkyl-groups have again been shown to be more 
electron-withdrawing than perfluorovinyl and trifluoropropynyl groups by 
comparison of ν(CO) values. The gold(I) chloride complexes of Ph2PCF3, 15, 
and 18 and the platinum(II) dichloride complexes of 3 and 15 have been 
prepared, and the size of these ligands has been estimated from the crystal 
structures. Compound 18 has been shown to be the largest of these 
compounds, with a cone angle of 187°.  
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1 Introduction 
The chemistry of phosphorus has been extensively studied since its discovery 
in 1669; this being largely due to the widespread utility of phosphorus 
compounds in a variety of processes and applications. Phosphorus-containing 
compounds are used widely in industry, they form the basis of the Wittig 
reaction,1 and are perhaps the most important class of co-ligands in 
transition metal complexes with applications in a number of processes, such 
as hydroformylation,2-4 Diels-Alder reactions,5-7 and olefin polymerization.8-10 
Phosphorus compounds exhibit two common oxidation states, +III and +V, 
and frequently adopt coordination numbers of 3, 4, 5, and 6. 
1.1 Phosphorus(III) Compounds 
There are three major types of organophosphorus(III) compounds, those 
containing P–R bonds (R = alkyl/aryl), those with P–ER linkages (E = 
heteroatom such as O/N, R = alkyl/aryl), and those containing a combination 
of the two. 
A smaller but related group of secondary (R2PH) and primary (RPH2) 
phosphines are also known, but their use is largely limited to precursors to 
tertiary phosphines, and they typically have an exceptionally foul odour. 
Halo-containing phosphines have also been extensively studied, again largely 
as starting materials for the formation of PR3 compounds, often via their 
reaction with Grignard or organolithium reagents, but also as ligands in their 
own right (especially PF3). 
This ability to modify the properties of phosphorus(III) compounds has 
resulted in their use in a large number of diverse applications,11-13 and their 
synthesis/coordination chemistry has been the subject of numerous 
reviews.14-20 Typically, phosphorus(III) compounds are air sensitive (though 
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this stability depends on the nature of the organic substituents), and are 
often malodorous.  
PR3 compounds are σ-donors (due to the lone pair of electrons on the 
phosphorus centre) and pi-acceptors. For the majority of phosphines, 
especially those that contain groups with a positive inductive effect (e.g. Me, 
iPr, Cy etc) σ-donation is the dominant effect. 
Phosphines that contain P–OR or P–NR2 are generally better pi-acceptors than 
alkyl/aryl containing analogues, and as a result RnP(ERx)3-n (n = 0-2, E = O, 
x = 1, E = N, x = 2) compounds have been extensively studied, as a way of 
tailoring (within reason) the steric and electronic properties of the phosphine 
ligand. 
There are fewer pi-acceptor ligands known than σ-donor ligands. The most 
widely studied of these pi-acceptor ligands is C≡O, which is often used to 
stabilise low-valent metal complexes by accepting electron density from the 
metal centre into the pi* anti-bonding molecular orbitals. The majority of 
other pi-accepting ligands are analogous, e.g. cyanide and C≡NR. Many of 
these ligands are susceptible to nucleophilic addition,21 as well as 
insertion22,23 and coupling reactions.23 It has been asserted that the only 
phosphorus ligand with similar pi-acceptor properties to C≡O is PF3.
24 These 
are small ligands, and it is thought that several processes would benefit from 
the availability of sterically demanding pi-acceptor ligands.11-13 
It is thought that phosphines containing perfluoro-organo groups will have pi-
acceptor properties approaching that of PF3, but with the added advantage of 
steric modification, as the R/Rf groups can be changed to modify the steric 
demand of the ligand. 
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1.2 Phosphorus Coordination Chemistry 
The binding of phosphorus to metal centres is usually described as σ-
donation and pi-acception, as first proposed in the 1950s by Dewar,25 Chatt 
and Duncansen.26 The phosphorus lone pair is donated into a d-orbital of the 
metal that has the appropriate symmetry for efficient overlap, which gives 
rise to the σ-component of the bond. The orbitals involved in the pi-bonding 
component are less clear cut. Initially it was proposed that the phosphorus 
low lying 3d orbitals were available for use in pi-back bonding.27,28 This view 
was widely accepted until several reports were published that proposed 
instead that anti-bonding P-R orbitals can act as the accepting orbitals 
without requiring the direct participation of the phosphorus 3d orbitals. These 
reports contained ab initio studies on PR3 compounds,
29 and metal-PR3 
complexes30 (along with analysis of experimental metal-PR3 and P-R bonds in 
compounds where the molecular charge was varied)31 and showed that while 
the 3d orbitals play some part in pi-back bonding, it essentially occurs 
through the formation of hybridised orbitals with the anti-bonding P-R 
orbitals. Anti-bonding P-R orbitals are still able to participate in pi-back 
bonding in the absence of the 3d orbitals,32 though the effect is reinforced by 
the presence of the 3d orbitals.32 The effect of the phosphorus d orbitals is 
less important for phosphines that contain electron-withdrawing groups, as it 
is now thought that the σ-donating ability does not vary significantly upon 
altering the substituents, but that pi-acidity is much more sensitive.33 
1.3 Electronic Properties of Phosphorus(III) Compounds 
The net effect of the σ-donating and pi-bonding ability of PR3 compounds can 
be measured in several ways.33 The most commonly used method is that of 
measuring the position(s) of the ν(CO) stretch in the infra-red spectrum of a 
transition metal carbonyl phosphine complex (e.g. [Ni(CO)3PR3], 
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[Mo(CO)5PR3], [Rh(CO)Cl(PR3)2]), shown by Strohmeier to be generally valid 
for a range of transition metal carbonyl complexes of phosphines, including 
manganese, vanadium, iron and nickel.34 The position of this stretch varies 
according to the amount of electron density accepted by the pi* anti-bonding 
orbital of the CO group trans to the PR3 ligand, as the PR3 group will compete 
with the CO moiety for electron density. Therefore, a metal complex 
containing a PR3 ligand that is a strong pi-acceptor will result in less electron 
density being donated to the CO pi* anti-bonding orbital. This means that the 
C≡O bond will be stronger, resulting in a higher energy ν(CO) stretch (since 
the vibrational frequency of the stretch is proportional to the square root of 
the force constant, which is in turn related to the strength of the bond). 
Historically, the major objection to this method of quantifying the electronic 
properties of the phosphine was that there is no way to separate the σ and pi 
components. However, it is a useful measure of the electronic properties of 
PR3 ligands, and recent research suggests that the σ-component does not 
vary significantly with different substituents.33 Tolman compared a wide 
range of ν(CO) stretching frequencies in [Ni(CO)3L] complexes, and assigned 
the substituents attached to phosphorus a value (χi) based on an additive 
relationship (Equation 1.1) for estimating the electronic parameter of a given 
phosphine. These χ values are relative to a tBu group, which has a χ value of 
0, and for example a phenyl group has a value of 4.3, and CF3 has a value of 
19.6.  
Substituent contribution to ν for PXYZ:  = 2056.1 +   


 
Equation 1.1 Tolman’s equation for estimating ν(CO) stretching frequencies 
of [Ni(CO)3L] complexes (L = phosphine). 
The values obtained in this manner can be correlated empirically against 
those obtained for different metal centres. There is a strong positive 
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correlation when comparing the values for nickel and molybdenum (Figure 
1.1) or rhodium (Figure 1.2) carbonyl complexes, though not quite so strong 
when comparing the nickel carbonyl stretching frequency with calculated 
values, such as the Semi-Empirical Electronic Parameter (SEP)35 as can be 
seen in Figure 1.3. 
 
Figure 1.1 ν(CO)/cm-1 in [Mo(CO)5L] vs [Ni(CO)3L] (L = phosphine). 
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Figure 1.2 ν(CO)/cm-1 in [RhCl(CO)L2] vs [Ni(CO)3L] (L = phosphine). 
Due to the fact that the trend is unchanged when varying the metal centre, 
Banger et al.36 have compared the ν(CO) stretching frequencies of a series of 
[Mo(CO)5L] complexes (Table 1.1). 
PR3, L ν(A1)/cm-1 
Ph2P(CF=CF2) 2077 
PhP(CF=CF2)2 2084 
PMe3 2070 
Me2PPh 2071 
Ph2PMe 2071 
PPh3 2072 
P(OEt)3 2078 
P(OPh)3 2084 
PI3 2087 
PBr3 2093 
PCl3 2095 
PF3 2104 
Table 1.1 ν(CO) stretching frequencies for [Mo(CO)5L] complexes (only 
highest carbonyl stretching mode shown).36 
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Figure 1.3: SEP ν(CO)/cm-1 vs [Ni(CO)3L]. SEP values taken from Ref. 35
35 
A variety of NMR coupling constant information can also be used as a gauge 
of the electronic properties of a ligand, such as 1JPtP or 
1JPSe values, and these 
can be compared with ν(CO) stretching frequencies (Figure 1.4). It has been 
shown that the magnitude of 1JPSe coupling constants is dependent on the 
nature of the organic substituents bound to the phosphorus centre, with 
electron withdrawing substituents causing it to increase, and electron 
donating substituents causing it to decrease. Allen and Taylor state that 
electron withdrawing groups result in an increase in the s character of the 
lone pair, and electron donating fragments result in a reduction in the s 
character.37 Hope et al.38 have prepared a variety of phosphorus(V) selenides 
for this purpose, although care is needed, since the values of the coupling 
constant are solvent dependant.38,39  
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Figure 1.4: 1JPSe/Hz for LSe vs ν(CO)/cm
-1 in [Ni(CO)3L] (L = phosphine). 
It can be seen from the above data that a number of alternative methods 
can be used to measure the electronic properties of phosphines (relative to 
[Ni(CO)3L]), although the calculated SEP (Figure 1.4) shows the poorest 
agreement with the data from the nickel complexes. 
1.4 Steric Properties of Phosphorus(III) Compounds 
1.4.1 Tolman Cone Angle 
The steric parameter of phosphines is also very important when considering 
their coordination chemistry. The most commonly used method of 
quantifying the size of a phosphine is the cone angle (θ) concept, developed 
by Tolman40 in the late 1970s, and is based on data taken from [Ni(CO)3L] 
systems. The Tolman Cone Angle is defined as: 
 “The apex angle of a cylindrical cone, based about the Ni centre, 
which is 2.28 Å from the phosphorus centre, to the edge of the van der 
Waals’ radius of the outermost atoms on the phosphine.”40 (Figure 1.5) 
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Figure 1.5: Diagram showing Tolman Cone Angle. 
However, this has its limitations, since the apex is defined as being 2.28 Å 
from the phosphorus centre, this creates problems as metal-phosphorus 
bond lengths differ, which can result in the measurement of an approximate 
cone angle since the length of the cone is different. Furthermore, it is also 
possible for the ligand substituents to “intermesh” and this becomes 
considerably more important if the metal-phosphorus bond is significantly 
longer than 2.28 Å, or if the metal coordination number is low, as the ligand 
will (potentially) have more space to “relax” into, thus adopting a larger cone 
angle. 
1.4.2 Solid Angle, Ω 
An alternative to the Tolman Cone Angle is the solid angle, Ω. The concept of 
the solid angle was developed at a similar time to the Tolman Cone Angle, 
after Immirzi et al.41 formed [Pt(PCy3)3].1.5heptane by crystallising 
[Pt(PCy3)2] from heptane at -15°C in the presence of an excess of PCy3. The 
Tolman Cone Angle for PCy3 is 170°, and so the formation of [Pt(PCy3)3] 
would be unexpected and this compound should contain steric strain. 
However, the cyclohexyl groups “mesh” resulting in a measured cone angle 
of 157° in this particular complex. The solid angle of an object results from 
the area of the shadow of the object projected onto a surface, and is the 
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measure of the steric size of the object in question. This is represented by 
the integral, where r is the position vector of an element of a surface with 
respect to O (the origin) and r is the magnitude of r.42,43 
Ω =   .   
This is expressed in steradians, not a particularly common measure, so if the 
solid angle is assumed to be that of a cone, then the solid cone angle Ω° 
follows from the relationship.41-43 
Ω° = 2  1 − Ω2Π  
The solid angle is a very reasonable alternative to the Tolman Cone Angle, 
however it is rather less intuitive and offers few significant advantages and 
has therefore never acquired a prominent role as a descriptor for the steric 
demand of ligands. There is a reasonably good correlation between the solid 
cone angle and the Tolman Cone Angle although unsurprisingly the solid 
cone angles are smaller. 
1.4.3 Buried Volume, %VBur 
Another alternative for measuring the steric demand of ligands, developed to 
describe the size of N-heterocyclic carbenes, is the buried volume, %VBur,
44-50 
as the Tolman Cone Angle is not a particularly efficient descriptor for these 
ligands owing to their shape (see Figure 1.6). 
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Figure 1.6: Representation of the dimensions used for the determination of 
%VBur.
48 
The concept of buried volume can be extended to include other, more 
classical ligands, such as phosphines and cyclopentadienyl derivatives. The 
buried volume refers to the amount of a sphere centred on the metal that is 
buried by overlap with atoms of the various ligands. Thus, the bulkier the 
ligand is, the greater the value of %VBur. However, this approach is largely 
computational in nature, and involves “fixing” the ligand to metal distance at 
an arbitrary length, and iteratively arriving at a “reasonable” radius for the 
sphere, as shown in Figure 1.6. This has been developed into a web-based 
%VBur calculator.
51 
1.4.4 Symmetric Deformation Coordinate, S4’ 
Orpen et al.52 have used the angles around the coordinated phosphorus atom 
to measure the steric effect of phosphines, via a symmetric deformation 
coordinate (S4’). The S4’ is defined as Σ(M–P–R) – Σ(R–P–R) (see Figure 1.7). 
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Figure 1.7: Representation of angles used in calculating S4' parameter. 
This parameter does not directly take into account the geometry of the 
external atoms of the ligand, and one can envisage ligands that would be 
considered small by their S4’, yet large by θ. There is also the possibility (as 
mentioned above) that the ligands may intermesh, giving rise to situations 
where the S4’ value is large despite the phosphine occupying relatively little 
space remote from the metal centre. However, in spite of these issues, the 
correlation between S4’ and θ is good.
52 
1.4.5 Stereo-Electronic Maps 
It was noted by Roddick and Schnabel53 that there was a lack of large, 
electron poor phosphorus(III) ligands. This was taken further by Cundari and 
co-workers35 who used computational methods to calculate the S4’ and SEP 
values of a range of phosphines and generated the plot shown in Figure 1.8. 
This approach attempts to identify “gaps” where there were few ligands 
possessing those particular steric and electronic properties. 
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Figure 1.8: Calculated stereoelectronic map for phosphines derived from PM3 
calculations on trans-[Rh(PR3)2(CO)Cl]. Taken from Ref. 35.
35 
The graph shows that there is a lack of medium to large electron-poor 
phosphines, though they do not include any fluoroaryl-containing 
phosphines, which do indeed fall into this gap. Cundari et al. also note that 
with the exception of P(CF3)3, that all the other commonly studied 
phosphines are very similar, highlighting the sensitivity obtainable by varying 
the phosphine in a catalytic process.35 The one exception cited in their work 
is P(CF3)3; however since this compound is spontaneously flammable
54 
(Figure 1.9), and only weakly coordinates to metal centres55 P(CF3)3 has 
been largely disregarded as a useful ligand.  
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Figure 1.9: Reaction of P(CF3)3 with atmospheric oxygen.
56 
It can be difficult to distinguish between the impact of steric and electronic 
parameters on the overall properties of a phosphine. This is because of the 
inter-play between them. The angular separation between the substituents 
bound to the phosphine will affect the s-character of the lone pair on the 
phosphorus centre, altering its σ-donating properties. Thus, modification of 
the steric bulk is expected to also have an effect on the electronic properties 
of the phosphine ligand. 
1.5 Fluoroalkyl Phosphines 
Phosphines that contain one or more perfluorinated moieties are thought to 
offer access to an unusual combination of steric and electronic properties, 
with the ability to “fine-tune” these properties as required. However, for a 
class of compounds that conveys very different properties there are 
surprisingly few examples compared to the number of non-fluorinated 
analogues. Phosphines containing fluoroaryl groups are commercially 
available and/or easily prepared from readily available starting materials, 
and have been the subject of a recent review by Saunders and co-workers20 
and as such they will not be discussed here. 
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1.5.1 Synthesis of Fluoroalkyl Phosphines 
The first synthesis of a fluoroalkyl-containing phosphine was reported in the 
early 1950s by Bennett et al.54 who utilized the reaction of trifluoromethyl 
iodide and white phosphorus at ~200°C in an autoclave, to obtain a mixture 
of products including P(CF3)3, (CF3)2PI, (CF3)PI2, and PI3.
57 They discovered 
that by altering the reaction temperature and time they could tailor the ratio 
of products that they obtained, and in particular that at temperatures above 
200°C over 80% P(CF3)3 was generated; but at temperatures below 200°C 
the reaction is slow and greater proportions of the iodo-phosphines were 
produced (Scheme 1.1). This method has also been shown to be applicable 
to nC3F7I,
58 C2F5I,
59 and iC3F7I,
60 but yielding only (Rf)2PI and (Rf)PI2, with 
none of the tri-substituted compound.  
P(CF3)3 is readily hydrolysed by weak aqueous alkaline solutions at room 
temperature,61 and is spontaneously flammable in air (Figure 1.9).57 P(CF3)3 
also disproportionates when heated above 100°C in the presence of iodine,57 
giving a mixture of PI3, CF3PI2, (CF3)2PI and P(CF3)3. Of these materials, 
CF3PI2 and (CF3)2PI are liquids that liberate iodine in the presence of light, 
and the latter is rapidly oxidised on exposure to air.57 
 
Scheme 1.1: Reaction of CF3I with elemental phosphorus in an autoclave. 
In 1957 Burg and Mahler reported that the reaction of AgCO2CF3, I2, and red 
phosphorus in a steel bomb at 200°C for 120 hours also produces P(CF3)2, 
(CF3)2PI, (CF3)PI2 and PI3 (Scheme 1.1).
62 However the potential side 
reactions between iodine and red phosphorus makes this procedure less 
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useful than the method of Bennett et al.54 despite the dangers involved in 
handling white phosphorus. 
 
Scheme 1.2: Formation of trifluoromethyl phosphines using AgCO2CF3 as the 
source of CF3 moiety. 
The reaction of the iodo-containing phosphines (CF3)2PI and CF3PI2 with AgCl 
at room temperature almost quantitatively produces the chloro-analogues57 
(Scheme 1.3), but takes 15 days.63 (CF3)2PCl and CF3PCl2 can also be formed 
via the reaction of the (CF3)2PI and CF3PI2 with HgCl2 (in 1 hour at room 
temperature),64 or by the reaction with SbCl3.
65 The fluoro-containing 
phosphines (CF3)2PF
66 and CF3PF2
67 can be formed in a similar fashion with 
SbF3. The reactions involving SbX3 (X = Cl, F) also produce (CF3)2P-P(CF3)2 
as a minor by-product.67 
 
Scheme 1.3: Halogen exchange of iodo-fluoroalkylphosphines. 
The latter compound is also formed when iodo-bis-trifluoromethylphosphine, 
(CF3)2PI reacts with mercury at room temperature (with vigorous shaking 
over two days, Scheme 1.4).57  
 
Scheme 1.4: Reaction of bis-(trifluoromethyl)iodophosphine with mercury. 
Haszeldine and West68 showed that the reaction of PMe3 with CF3I at room 
temperature in the absence of a solvent forms Me2PCF3 (~50%), whilst 
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noting that the rate of reaction is accelerated by heat, and an equivalent 
amount of [PMe4]
+I-. Adding an excess of CF3I however, did not result in the 
formation of any methylbis-(trifluoromethyl)phosphine. Haszeldine and West 
also showed that CF3I reacts with PH3 to yield H2PCF3, though very low 
yielding (~13%). Further work69 investigated the reaction of P(CF3)3 with 
MeI. It was found that the reaction only occurs at elevated temperatures (ca. 
240°C or above), where MeP(CF3)2, and CF3I are formed. They also found 
that MeP(CF3)2 will react with a further equivalent of MeI to yield Me2PCF3, 
albeit in low yield as the quaternary salt [Me3PCF3]
+I-. Neither Me2PCF3 nor 
MeP(CF3)2 undergoes the reverse reaction with CF3I (see Scheme 1.5). 
 
Scheme 1.5: Representation of the reactions of 
methyl(trifluoromethyl)phosphines and MeI/CF3I. 
Cullen70 showed that it was also possible to form nBu2PCF3 from P
nBu3 and 
CF3I at 100°C, but that the yields were very low, postulated as being due to 
the formation of a relatively stable phosphonium complex [nBu3PCF3]
+I-. 
Mahler and Burg71 reported the reaction of (CF3)PI2 with Hg at room 
temperature, resulting in the production of the cyclophosphines, (CF3P)4 
(60%) and (CF3P)5 (40%) (Scheme 1.6). Reaction of these compounds with 
I2 was shown to give complete reconversion to the starting material, whilst 
the reaction with chlorine yielded CF3PCl4, which could then be reduced to 
CF3PCl2 in the presence of Hg. They also showed that hydrolysis of the 
tetramer, (CF3P)4, yields CF3PH2 (21%), (CF3)PH(O)OH (24%) and the 
diphosphine (CF3PH)2. CF3PH2 was also obtained via the hydrolysis of the 
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pentamer, (CF3P)5, in diglyme along with the triphosphine H2(CF3P)3. 
Surprisingly, similar treatment of (C2F5)PI2 with Hg results in the formation of 
(C2F5P)3 and (C2F5P)4 in a 2:3 ratio,
59 perhaps due to the greater steric 
demand of the pentafluoroethyl group. Ang et al.72 extended this work to 
include the nC3F7 derivatives (
nC3F7P)n (n = 4, 5) and subsequently found that 
(nC3F7P)5 spontaneously converts into (C3F7P)4 irreversibly over several days 
at room temperature. 
 
Scheme 1.6: Formation of cyclic perfluoroalkyl phosphines. 
Bennett and co-workers reacted (CF3)2PI with H2 in the presence of Raney 
nickel to give (CF3)2PH in a 65% yield.
61 They also reported the synthesis of 
the same compound via the reduction of ((CF3)2P)2 under similar conditions, 
but in a reduced yield. However, the reduction of bis-
iodo(trifluoromethyl)phosphine, CF3PI2, with H2 and Raney nickel does not 
proceed, perhaps due to complex formation with nickel.61 The optimum 
procedure for the formation of (CF3)PH2 was found to be the hydrolysis in a 
highly concentrated aqueous solution of CF3PI2 followed by freeze-drying, 
yielding 24%.61 Both the primary and secondary trifluoromethyl phosphines 
(CF3)2PH and CF3PH2 are spontaneously flammable and susceptible to 
alkaline hydrolysis.61 
Burg and Mahler73 reported that the method of synthesizing ((CF3)2P)2 from 
(CF3)2PI and Hg
57 is also a good way of producing (CF3)2PH when the reaction 
is performed in the presence of a strong protic acid such as CF3COOH, 
though the reported yield was only 35% (compared to 65% for the method 
of Bennett et al.).61 An improved preparation for the synthesis of (CF3)2PH 
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and CF3PH2 was reported in the 1960s by Cavell and Dobbie,
74 which involves 
the reaction of (CF3)2PI and CF3PI2 with Hg and HI (similar to that reported 
by Burg and Mahler described above) with yields of around 90% after 
fractionation (Scheme 1.7). 
 
Scheme 1.7: Formation of trifluoromethyl phosphines. 
Pyrolysis of C2H4, C2F4 and C2H2 with (CF3)2P-P(CF3)2 in the presence of a 
catalytic amount of iodine affords the bis(phosphino)alkanes 
(CF3)2PCX2CX2P(CF3)2 (X = H, F) and (CF3)2PCH=CHP(CF3)2 respectively.
75 
Phillips et al.76 reported an alternative procedure for producing the 
bis(phosphine)alkanes from the reaction of ((CF3)2P)2 and the corresponding 
diiodoalkane at 130°C (for between one and three days). Exploiting this 
method they formed (CF3)2P(CH2)nP(CF3)2 (n = 1-3) and (CF3)2PCRR’P(CF3)2 
(R = R’ = H, CH3; R = H, R’ = CH3).  
An alternative method for the production of (CF3)2PCH2CH2P(CF3)2 was 
reported by Field and Wilkinson,77 via the reaction of 
bis(dichlorophosphino)ethane and CF3Br in the presence of 
tris(diethylamino)phosphine at -60°C, though the reported yield was only 
15% (Scheme 1.8). They also separately reported the synthesis of the 
unsymmetrical alkyl perfluoroalkyl bis-phosphine, (CH3)2PCH2CH2P(CF3)2, 
which utilized the same method for attaching the CF3 groups, but requires 
rather more steps overall.78 Kolomeitsev and co-workers79 showed that 
replacing the chlorophosphine with P(OPh)3 under the conditions used by 
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Field and Wilkinson results in the production of P(CF3)3 at -60°C in yields of 
up to 85%. 
 
Scheme 1.8: Trifluoromethyl phosphines from CF3Br and P(NEt2)3. 
(CF3)2PPh can be formed via the reaction of tetrakis-phenyltetraphosphine 
(C6H5P)4 with CF3I (Scheme 1.9), as part of a mixture that also contains 
(CF3)PhPI, in an approximately 2:1 ratio,
80 the latter giving rise to (CF3)PhPH 
on hydrolysis.80 
Bis-phenyl(trifluoromethyl)phosphine can be formed via the reaction of Ph2P-
PPh2 and CF3I at 185°C or by irradiation with ultraviolet light (Scheme 1.9).
81 
Ph2PCF3 was found to be a colourless viscous liquid with a boiling point of 
255-257°C, lower than that of Ph2PH (b.p. 280°C),
82 as a result of weaker 
molecular interactions. Ph2PCF3 is only slightly hydrolysed by aqueous 
sodium hydroxide at 100°C,81 unlike PhP(CF3)2, which is quantitatively 
hydrolysed in the same medium at 80°C.80 In the early 1980s Maslennikov et 
al.83 reported the synthesis of Ph2PC2F5 via the method of Beg and Clark,
81 
presumably from Ph2P-PPh2 and C2F5I. 
 
Scheme 1.9: Reaction of CF3I with polyphosphines. 
The synthesis of (dimethylamino)bis-(trifluoromethyl)phosphine, 
Me2NP(CF3)2, was described by Nixon, from the reaction of (CF3)2PF and 
Me2NH by mixing the two compounds at -196°C and allowing them to warm 
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to room temperature.84 The reaction of CF3PF2 with Me2NH led to the 
formation of (Me2N)PF(CF3),
64 which on further reaction with HNMe2 yields 
(Me2N)2PCF3.
64 This compound can be also be formed via the reaction of 
CF3PCl2 with an excess of dimethylamine.
64 Treatment of (Me2N)2PCF3 with 
HCl results in the recovery of the starting CF3PCl2.
64 Adler and Kober85 
extended this method to include longer chain secondary amines (up to and 
including -N(nBu 2), and cyclic amines (pyrrolidine, piperidine). In 1968 Ang 
et al.86 reported that the reaction of tris-(dimethylamino)phosphine with CF3I 
or (CF3)2CFI afforded (Me2N)2PCF3 (71%) and (Me2N)PCF(CF3)2 (68%), which 
have to be separated from the by-product of the reaction, (Me2N)2P-
P(NMe2)2. Volbach and Ruppert
87 showed that it was possible to synthesise 
(Et2N)2PCF3 directly from CF3Br/P(NEt2)3/PCl3, which on addition of HX (X = 
F, Cl, Br, I) yielded CF3PX2 quantitatively. 
In the late 1960s Gosling et al.88 showed that it is possible to form tertiary 
alkyl(perfluoroalkyl)phosphines via the reaction of RfPCl2/(Rf)2PCl with RLi 
(they state that using organolithium compounds is cleaner than utilising 
Grignard reagents), as summarised in Table 1.2. However, this route 
requires the formation of perfluoroalkyl chlorophosphines. They also found 
that the n-heptafluoropropyl alkyl phosphines hydrolysed more slowly than 
the corresponding trifluoromethyl derivative under similar conditions.88 
Subsequently, Maslennikov et al.83 showed that PhP(CF3)2 could be prepared 
from PhMgBr and (CF3)2PCl, but only in approx 30% yield. 
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Phosphine RLi Product Yield (%) 
(CF3)2PCl Me MeP(CF3)2 24 
(CF3)2PCl 
nBu nBuP(CF3)2 78 
(CF3)2PCl 
iBu iBuP(CF3)2 Not given 
(CF3)2PCl Ph PhP(CF3)2 54 
(nC3F7)2PCl 
nBu nBuP(nC3F7)2 71 
(nC3F7)2PCl Ph PhP(
nC3F7)2 Not given 
CF3PCl2
a nBu nBuP(CF3)2 40 
Et2PCl
b nC3F7 Et2P(
nC3F7)2 Not given 
Ph2PCl
b nC3F7 Ph2P(
nC3F7)2 Not given 
(CF3)2PCl
b nC3F7 (CF3)2P(
nC3F7) Not given 
CF3PCl2
b nC3F7 (CF3)P(
nC3F7)2 15 
(a) This reaction also forms nBuPCl(CF3) ~ 10% 
(b) This reaction involves the chlorophosphine, nC3F7I, and a suspension 
of Li (2% Na) 
Table 1.2: Compounds synthesised by Gosling et al.88 
Some alternative, though non-specific, routes were published by Kang and 
Burg,89 to MeP(CF3)2 and 
iBuP(CF3)2 from (CF3)2PCl and ZnMe2/Al(
iBu)3 
respectively, as well as (CF3)nP(Et)3-n (n = 1, 2) from PbEt4 and the requisite 
chloro-phosphine (Scheme 1.10). 
 
Scheme 1.10: Miscellaneous preparations of some fluoroalkyl phosphines. 
Fields et al. showed that bis-(trifluoromethyl)phosphines react with olefins in 
the presence of UV radiation, yielding the corresponding tertiary phosphine 
(CF3)2PR (R = Et, 
nPr, nBu, CHMeEt, CF2CF2H, CFHCHF2, CH2CHF2 and 
CH2CH2F)
90-92  via a free-radical mechanism in which the most stable radical 
is formed when (CF3)2P· attacks the olefin. 
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The reaction of fluoroalkyl iodides with tetrakis-
(trifluoromethyl)tetraphosphine was investigated by Lavrent’ev et al.93 who 
reported that the formation of CF3P(
nC3F7)I and CF3P(
iC3F7)I is possible in this 
manner (with nC3F7I and (CF3)2CFI respectively), but they could not reach 
any firm conclusions regarding the influence of the perfluoroalkyl iodide on 
the rate of reaction. Ganja et al.94 showed that the reaction of Hg(CF3)2 and 
PI3 at 160°C produces P(CF3)3 in approximately 60% yield, and that if excess 
PI3 is used, then CF3PI2 can be isolated in 37% yield along with small (~ 8%) 
quantities of (CF3)2PI. 
Semenii et al.95 discovered that the electrochemical fluorination in anhydrous 
HF using Ni electrodes (Simon process) of tris-alkylphosphine oxides yielded 
the corresponding (Rf)3PF2 compounds (24-46% yields); this method also 
results in the production of OF2, a toxic and explosive gas. This route was 
improved in the late 1990s by Ignat’ev and Sartori,96 who used tris-
alkylphosphines as the starting materials, which resulted in yields of 49-
74%, and avoided the production of OF2. However, neither of these reports 
include details of the subsequent reduction to the phosphorus(III) species. 
Lagow and co-workers97 reported an alternative route to tris-substituted 
perfluoroalkyl phosphines, via solution-phase direct elemental fluorination of 
trialkyl phosphines in Freon at -60°C, followed by reduction of the resulting 
phosphorus(V) species with tris-(trimethylsilyl)phosphine, yielding P(CnF2n+1)3 
(n = 2-6) (Scheme 1.11). This method was also shown to be applicable to 
unsymmetrical phosphines, (C2F5)2P(
nC4F9) (from Et2P(
nBu)) and the bridged 
diphosphine (C2F5)2PCF2CF2P(C2F5)2 (from Et2PCH2CH2PEt2). 
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Scheme 1.11: Representation of direct fluorination of alkyl phosphines. 
More recently, the Roddick group reported that the synthesis of 
(C2F5)2PCH2CH2P(C2F5)2 could be achieved by perfluoroalkylating 
Cl2PCH2CH2PCl2 with C2F5Li at -95°C, formed from C2F5X (X = Cl, I) and BuLi 
(Scheme 1.12).98 Subsequently the same group reported the synthesis of 
RP(C2F5)2 (R = Me, 
tBu, Ph, NEt2),
99 P(C2F5)3,
99
 Ph2P(C2F5)
100 and 1,3-
C6H4(CH2P(C2F5)2)2.
101 The majority of these ligands have been shown to 
coordinate to a variety of metal centres (see later). 
 
Scheme 1.12: Formation of C2F5Li, and reaction with Cl2PCH2CH2PCl2. 
Fild et al. reported the synthesis of R2PCF2Br (R = Ph, 
tBu, Me) from 
R2PSiMe3 and CF2Br2 in chloroform at -20°C.
102 They also found that the 
reaction of RP(SiMe3)2 with CF2Br2 gives the diphosphetane (CF2PR)2. 
However, no experimental detail or yields are reported (see Scheme 1.13). 
 
Scheme 1.13: Formation of Ph2PCF2Br from Ph2PSiMe3 and CF2Br2. 
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Pringle and co-workers103 extended this by coupling Ph2PCF2Br with 
Ph2PSiMe3 in the presence of [NiCl2(dippf)] (dippf = bis-
diisopropylphosphinoferrocene) to form R2PCF2PR2 (R = Ph, 
iPr, CH2CH2CN). 
The reaction of Ph2P
− with RfI compounds has been shown to produce Ph2PRf 
(Rf = 
nC4F9, 
nC6F13) compounds in fairly good yields in liquid NH3, HMPA, 
DMPU, or tetraglyme by Vaillard et al.,104 although they deliberately isolated 
the phosphine oxides. These reactions generally worked better when 
irradiated with ultra-violet light, suggesting a free-radical mechanism. Rossi 
and co-workers105 also showed that the palladium catalysed cross-coupling 
reactions of perfluoroalkyl iodides and organoheteroatom stannanes could be 
used to generate perfluoroalkyl-substituted phosphines, Ph2PRf, (Rf = 
nC4F9, 
nC8F17) though once again they were isolated as their corresponding oxides. 
Michalski and co-workers reported that it was possible to introduce CF3 
groups onto a phosphorus centre via the nucleophilic trifluoromethylation of 
the corresponding PF compound.106 They generated the fluorophosphine from 
the reaction of a phosphonite with a fluoride source, and then subsequently 
added Ruppert’s reagent and another fluoride source (e.g. CsF) to synthesise 
the desired trifluoromethyl phosphine (Scheme 1.14).  
 
Scheme 1.14: Michalski's synthesis of trifluoromethyl-containing 
phosphines. 
They also established that this procedure could be performed in a “one-pot 
fashion”.106 This method was subsequently expanded upon and the reaction 
of P(OPh)3, Ph2P(OPh), PhP(OPh2) and (PhO)2PCH2CH2P(OPh)2 with 
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perfluoroalkyltrimethylsilanes in the presence of a source of fluoride results 
in the formation of P(Rf)3 (Rf = CF3, C2F5, 
nC3F7 and 
nC4F9),  Ph2PRf, PhP(Rf)2 
and (Rf)2PCH2CH2P(Rf)2 (Rf = CF3, C2F5) and Me3SiOPh (Scheme 1.15).
107 As 
the length of the Rf chain increases, the rate of reaction and yield decreases 
(e.g. CF3 = 98%, 
nC3F7 = 35%). Roddick and co-workers have also utilised 
this method, to synthesise 1,3-((C2F5)PCH2)2C6H4. This route, whilst 
appearing to be quite generic, is hindered by the lack of availability of 
Ruppert reagent analogues.101 Me3SiCF3 is commercially available, whilst the 
C2F5 and 
nC3F7 analogues are available as special request syntheses; the 
remainder require specialist methods of preparation, or are unknown 
compounds. 
 
Scheme 1.15: Reaction of fluoroalkyl-silyl reagents and phosphites. 
Recently, Togni and co-workers reported that trifluoromethylating primary 
and secondary phosphines could be achieved with hypervalent iodine(III)-CF3 
compounds (Scheme 1.16).108 They have produced a number of CF3PR2 (R = 
Cy, Ph, o-Tol, p-Tol, β-Np, p-OMePh) and CF3PHR (R = Cy, Ph) compounds. 
They also found that this reaction proceeds if the secondary phosphine is 
replaced with Ph2PSiMe3 with similar yields. The iodine(III)-CF3 compound(s) 
are derived from Me3SiCF3 and iodobenzoic acid derivatives (see Scheme 
1.16), thus this route currently is hampered in a similar manner to that 
reported by Murphy-Jolley et al.107 
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Scheme 1.16: Formation of trifluoromethyl-containing phosphines from 
secondary phosphines and hypervalent iodine(III) reagents. 
In summary, a number of specialist routes exist that allow the synthesis of 
fluoroalkyl containing phosphines, principally those containing CF3 groups. 
The methods with the most widely available starting materials require 
specialist equipment and/or hazardous chemicals. Those which are simplest 
to perform are hampered by a lack of available starting materials. 
A summary of the known perfluoroalkyl-phosphines and the methods of 
preparation is given in Table 1.3. 
 Table 1.3: Fluoroalkyl Phosphines. 
Rf R2PRf RP(Rf)2 P(Rf)3 Bridged Phosphines Polyphosphines 
CF3 R2PCF3  
R = Me m,68 H n,74 Ph c107 e108 j,81 
F p,67 Cl p,57 I a,54 nBu b88 q,84 
Me2N q,84 Et2N q,84 nPr2N q,84 C5H5N 
q,84 C4H4N q,84 C3F7 b,88 Et t,89 Cy 
e,108 o-Tol e,108 p-Tol e,108 Np e,108 
p-OMePh e108 
RR’P(CF3) 
 R = H, R’ = Ph e,108 Cy e,108 R = I, 
R’ = Ph j,80 C3F7 j,93 iC3F7 j,93 R = F, 
R’ = Me2N q84 
RP(CF3)2  
R = H n,74, Me b88 t,89 Ph b88 
c107 j,80 Cl p,57 I a,54 F p,66 
C3F7 b*88 Et t,89 nBu b,88 iBu 
b88 t,89 Me2N q,84 CHMeEt k,90 
CF2CF2H k,90 CFHCHF2 k,90 
CH2CHF2 k,90 CH2CH2F k90 
P(CF3)3  
a54 c107 d79 
(CF3)2P(CH2)nP(CF3)2, 
 n = 1 t,76 2 c107 d77, 3 t76    
(CF3)2PCF2CF2P(CF3)2, s75 
(CF3)2PCH=CHP(CF3)2, s75 
(CF3)2PCRR’P(CF3)2,  
(R = R’= H, CH3, R = H, R’ = CH3), 
t76 
(CH3)2PCH2CH2P(CF3)2 d77  
1,3-C6H4(CH2P(CF3)2)2, g101 
(CF3P)4, u71  
(CF3P)5, u71 
(CF3)2PP(CF3)2, u57  
H2(CF3P)3, u71  
C2F5 R2PC2F5 
R = I a,60 Ph g100 j83  
RP(C2F5)2  
R = nC4F9 g,99 Me g,99 tBu g,99 
Ph g,99 NEt2 g99 
P(C2F5)3  
c107 f97 g99 
(C2F5)2PCF2CF2P(C2F5)2, f97 
(C2F5)2PCH2CH2P(C2F5)2, g98 
1,3-C6H4(CH2P(C2F5)2)2, g101 
(C2F5P)3, u86 (C2F5P)4, u86  
nC3F7 R2P(nC3F7)  
R = I a58 Et b88, Ph b88, CF3 b*88 
RR’P(nC3F7)  
R = I, R’ = CF3 j93 
RP(nC3F7)2  
R = nBu b88 Ph b88 CF3 b*88 Cl 
p58 I a58 
P(nC3F7)3  
c107, f97 
 (nC3F7P)4, u72 (nC3F7P)5, u72 
iC3F7 R2P(iC3F7)  
R = I a,60 Me2N r86 
RR’P(iC3F7)  
R = I, R’ = CF3 j93 
RP(iC3F7)2  
R = I a60 
   
nC4F9 R2P(nC4F9)  
R = C2F5 f97 Ph h104 
 
 
P(nC4F9)3  
c107 f97 
  
 
nC5F11   P(nC5F11)3  
f97 
 
 
 
nC6F13 Ph2P(nC6F13)   
h104 
 
 
P(nC6F13)3  
c107 f97 
 
 
 
a synthesized in autoclave from phosphorus (any allotrope) and RfI at ~200°C; b synthesized from chlorophosphine and RLi (* denotes from mixture of RfI, Li, and 
chlorophosphine); c synthesized from phosphite and Rupperts’ reagent (or analogue); d Synthesized from CF3Br/P(NEt2)3/chlorophosphine; e synthesized from 
primary/secondary phosphine and iodine(III) reagent; f synthesized via direct fluorination; g synthesized from C2F5Li and chlorophosphine; h synthesized via PPh2¯, and UV 
light; j from polyphosphine and RfI; k reaction of (CF3)2P· with olefins under UV radiation; m CF3 substituted phosphine and MeI; n reaction of phosphine with Hg and HI; p  
reaction of iodophosphine and SbX3 (X = Cl, F)/HgCl2/AgCl; q reaction of halophosphine with R2NH; r Reaction of RfI with P(NEt2)3; s Pyrolysis of secondary phosphine with 
olefin; t From (Rf)2PP(Rf)2 and di-iodoalkanes; u Other – see text 
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1.6 Perfluoroalkenyl Phosphines 
The first report of a perfluoroalkenyl compound to appear in the literature 
was in the mid 1950s, CF2=CFI.
109 Treatment of CF2=CFI with magnesium at 
0°C gave poor yields of the corresponding Grignard reagent (~20%). This 
yield was later improved by Knunyants110-112 who utilised lower temperatures 
and obtained ~70% yield. CF2=CFBr was also shown to be a suitable 
precursor for generating the Grignard reagent,113 and CF2=CFMgX (X = Br, I) 
generated in this manner were used to prepare some early perfluorovinyl-
containing compounds, e.g. Si(CF=CF2)4,
111 (Scheme 1.17) and 
Hg(CF=CF2)2.
109 
 
Scheme 1.17: Early perfluorovinyl organometallic compound synthesis. 
The synthesis of perfluorovinyl lithium was first reported in 1962 by Seyferth 
via the transmetallation of triphenyl(perfluorovinyl)stannane with phenyl 
lithium at low temperature with a maximum yield of ~65% (Scheme 
1.18).110  
 
Scheme 1.18: Transmetallation of triphenyl(perfluorovinyl)stannane. 
Subsequently, it was shown by Tarrant that perfluorovinyl lithium could be 
prepared from the reaction of CF2=CFX (X = Br, H) and alkyl lithium 
reagents at low temperature (Scheme 1.19).111  
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Scheme 1.19: Generation of CF2=CFLi from CF2=CFX and alkyl lithium 
reagents. 
Perfluorovinyl lithium is much less stable than vinyl lithium, and it has been 
the subject of several studies.110,111 Tarrant found that perfluorovinyl lithium 
was stable for several hours in diethyl ether at -78°C, and that it was more 
stable in pentanes than in diethyl ether. The concentration of perfluorovinyl 
lithium was also found to affect the rate of decomposition,111 meaning that 
the decomposition must occur via an intermolecular pathway. 
1.6.1 Synthesis of Perfluorovinyl Phosphines 
The first report of a perfluorovinyl-containing phosphine was published in 
1959 by Sterlin et al.,112 who showed that CF2=CFMgI reacted with 
(Et2N)nPCl3-n (n = 0, 1, 2) in the appropriate stoichiometry to yield the 
corresponding perfluorovinyl phosphine (Scheme 1.20). 
 
Scheme 1.20: Sterlin's synthesis of the first perfluorovinyl phosphines. 
Treatment of (CF=CF2)nP(NEt2)3-n (n = 1, 2) with dry HCl affords the 
corresponding chloro-perfluorovinyl phosphines,112 (Scheme 1.21) and 
subsequent halogen exchange with SbF3 gives the analogous 
fluorophosphines.112 
 
Scheme 1.21: Synthesis of chloroperfluorovinyl phosphines. 
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In 1969 Cowley and Taylor attempted the synthesis of some of the above 
compounds, using perfluorovinyl lithium instead of the Grignard reagent but 
reported that the reaction does not proceed.113 However, a decade later, 
Horn et al. reported that this synthetic method does work, and they 
described the preparation of PhnP(CF=CF2)3-n (n = 0-2), although the isolated 
yields were poor (in some cases, less than 2%).114 This is probably due to 
the thermal instability of perfluorovinyl lithium, which decomposes at 
temperatures of ~ -50°C and above, yielding LiF and a viscous brown oil, 
which was shown to contain a greater than expected proportion of hydrogen 
and carbon-carbon double bonds.111 
By the end of the 1980s, just a handful of perfluorovinyl phosphines had 
been reported, including RnP(CF=CF2)3-n (n = 0-2, R = Ph, NEt2, NMe2, Cl, F). 
This may be accounted for by the fact that the precursors (CF2=CFX, X = Cl, 
Br, I) were difficult to acquire from commercial sources due to their 
potentially deleterious effect on the ozone layer. 
Interest in perfluorovinyl containing compounds was revitalised in the 1990s 
following the discovery by Burdon et al.115 that perfluorovinyl lithium could 
be generated from the recently commercialised CFC-replacement HFC-134a 
(CH2FCF3) and two equivalents of 
nBuLi in diethyl ether at -78°C (Scheme 
1.22). 
 
Scheme 1.22: Generation of CF2=CFLi from HFC-134a. 
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Perfluorovinyl lithium generated in this manner can then be reacted in situ 
with a wide variety of electrophiles, and its use in organic synthesis was the 
subject of a review by Coe in 1999.116 This one-pot procedure was utilised by 
Banger et al.117,118 to synthesise perfluorovinyl-containing organometallic 
compounds, and its application in this area was reviewed by Banger and 
Brisdon in 1999.119 Banger et al.36 also reported the synthesis of 
perfluorovinyl phosphines via this route, vastly improving on the yields 
obtained by Sterlin,120 Cowley,113 and Horn.114 They reported the production 
of RnP(CF=CF2)3-n (n = 0-2, R = Ph), and ClnP(CF=CF2)3-n (n = 1, 2), as well 
as the structure of PhP(CF=CF2)2 (determined via low-temperature X-ray 
crystallography). The same route has been extended to synthesise 
R2P(CF=CF2) (R = Et, 
iPr, Cy).
121 Typically, perfluorovinyl phosphines are non-
malodorous, air and moisture stable liquids that are soluble in most organic 
solvents. 
1.6.2 Derivatisation of Perfluorovinyl Phosphines 
Perfluorovinyl phosphines can exhibit more than one type of reactivity. There 
is a lone pair on the phosphorus atom, allowing them to react with 
electrophiles, and they should therefore be susceptible to quaternisation. 
However the perfluorovinyl moiety exhibits a negative inductive effect, which 
diminishes the availability of the lone pair, which in turn decreases or even 
prevents reactions such as quaternisation from taking place. Barnes et al.121 
have investigated the reactivity of some perfluorovinyl phosphines with the 
group 16 elements (O, S, Se). They found that mono-perfluorovinyl 
substituted phosphines reacted smoothly with aqueous H2O2 at 0°C (Scheme 
1.23), whereas the reaction with elemental sulfur/selenium required several 
hours refluxing in toluene to go to completion. However, they were unable to 
completely convert PhP(CF=CF2)2 into the corresponding oxide, even after 
prolonged heating with H2O2.
121  
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Scheme 1.23: Oxidation of perfluorovinyl phosphines. 
However the oxide of the bis-substituted phosphine can be obtained in a two 
stage reaction. The perfluorovinyl phosphines react with XeF2 to give the 
phosphorus(V) species F2PR2(CF=CF2) or F2PR(CF=CF2)2. These compounds 
are extremely moisture sensitive, affording O=PR2(CF=CF2) and O= 
PR(CF=CF2)2 respectively (Scheme 1.24) on exposure to moisture.
121 
 
Scheme 1.24: Oxidation of perfluorovinyl phosphines by XeF2. 
The perfluorovinyl moiety can also react as an electrophile, but its reactivity 
will be diminished relative to perprotio vinyl groups, due to the presence of 
three electronegative fluorine atoms. This reactivity has been explored by 
Cowley,113 and Barnes.121 Both found that the addition of X2 (X = Cl, Br, 
I)113,121 or SO2Cl2
121 gave mixtures of products, due to the competition 
between addition across the double bond and oxidation of the phosphorus 
centre. 
The presence of two fluorine atoms on the β-carbon means that the Cβ-F 
bonds will have a greater ionic character than the Cα-F bond – therefore they 
should be more susceptible to nucleophilic attack. This hypothesis is also 
supported by steric arguments, and due to the size of PR2 relative to F, 
suggests than any substitution should occur trans to the PR2 group 
preferentially. Horn and Kolkmann122 have reported the reaction of 
P(CF=CF2)3 with organolithium reagents, resulting in the formation of 
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P(CF=CFR)3 though in all cases the yields were poor. Horn proposed that an 
excess of CF2=CFLi resulted in a second addition of a –CF=CF2 unit to 
generate –CF=CFCF=CF2 systems. Barnes et al.
121 have reported the 
reaction of some perfluorovinyl phosphines with nBuLi and 
LiAlH4/LiAlH(O
tBu)3, resulting in R2P(CF=CF
nBu) and R2P(CF=CFH) 
respectively.  
It is also possible that perfluorovinyl phosphines may be susceptible to 
nucleophilic attack at the phosphorus centre (known for aryl phosphines)123 
despite their apparent stability. 
1.7 Perfluoroalkynyl Phosphines 
The simplest fluoroalkynyl compound that can be prepared is mono-
fluoroacetylene. This compound was first prepared in 1959 by Middleton and 
Sharkey,124 by the pyrolysis of fluoromaleic anhydride at 650°C and 5-7 
mmHg. This method produced essentially quantitative yields of mono-
fluoroactylene, which is a colourless gas that freezes to a white solid at 
−196°C, and melts to a mobile liquid that boils just below −80°C. They also 
report that liquid samples can detonate with reasonable force, and describe 
the compound as being “treacherously explosive”.124 The obvious difficulties 
and risk associated in preparing and handling such a compound perhaps 
explains why there are no reports of mono-fluoroethynyl phosphines in the 
literature. 
In contrast to the instability of mono-fluoroacetylene, 
trifluoromethylacetylene is much safer to handle. This was first prepared in 
the 1950s by Haszeldine54,125 who irradiated CF3I and acetylene with UV light 
or by heating the compounds together at 220°C, followed by 
dehydroiodination of the resulting 1-iodo-3,3,3-trifluoropropene with KOH. 
Haszeldine also reports the preparation of the Cu, Ag, and Hg 
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trifluoropropynyl (tfp) compounds.54,125 Henne and Nager126 also proposed 
several routes to trifluoropropyne at the same time, but did not recommend 
any of them. An alternative method for producing trifluoropropyne was 
reported by Finnegan and Norris,127 who treated 1,1,2-trichloro-3,3,3-
trifluoropropyne with Zn in DMF or N,N-diacetylamide to give the zinc 
acteylide complex which were then hydrolysed, allowing 3,3,3-
trifluoropropyne to be collected in a cold trap in ~75% yield. 
The tfp Grignard reagent was synthesised by Henne and Nager128 shortly 
after Haszeldine’s initial report. They prepared it via transmetallation of 
EtMgBr (Scheme 1.25). 
 
Scheme 1.25: Trifluoropropynyl Grignard/lithium generation. 
The first report of Li(tfp) was by Tarrant in 1968,129 who reacted 3,3,3-
trifluoropropyne with nBuLi at -78°C, then subsequently added an 
electrophile (Et3SiCl), whereupon Et3Si(tfp) was generated (Scheme 1.26).  
 
Scheme 1.26: Typical formation of main-group tfp compounds. 
The major difficulty in handling 3,3,3-trifluoropropyne is that it is a very 
volatile gas with a boiling point of -48°C.126,130 It is also relatively expensive. 
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As such there has been a search for an alternative method of introducing tfp 
moieties into compounds, or for generating Li(tfp). In 1996 Katritzky et al. 
reported that the generation of Li(tfp) was possible from 2-bromo-3,3,3-
trifluoropropene and two equivalents of LDA in THF at -78°C (Scheme 
1.27).131  
 
Scheme 1.27: 2-Bromo-1,1,1-trifluoroprop-3-ene as a precursor for the 
generation of Li(tfp). 
More recently Brisdon and Crossley132 reported that Li(tfp) could be 
generated via the slow addition of three equivalents of nBuLi to 1,1,1,3,3-
pentafluoropropane (HFC-245fa) at -15°C (see Scheme 1.28). 
 
Scheme 1.28: Proposed mechanism of formation of Li(tfp) from HFC-245fa. 
FC-245fa has a lower boiling point than 2-bromo-3,3,3-trifluoroprop-1-ene 
(15°C vs 33°C) but its greater commercial ability (it is available as a blowing 
agent) and easier removal of side products (butane vs diisopropylamine) 
makes it synthetically more useful. 
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A further method for the generation of Li(tfp) was published in 2007 by 
Shimuzu et al.133 Treatment of the commercially available 1,1,1-trifluoro-3,3-
dichloroacetone with tosyl chloride and triethylamine in DCM afforded the 
enol tosylate, which was isolated and then treated with two equivalents of 
nBuLi in THF at -78°C to afford Li(tfp) (Scheme 1.29). The major drawback of 
this route is that it is a two step reaction, though the lower volatility of the 
reagents is advantageous. 
 
Scheme 1.29: Preparation of Li(tfp) from 1,1-dichloro-3,3,3-trifluoroacetone. 
Despite the existence of a number of synthetic routes to Li(tfp), the only tfp-
containing phosphorus(III) compounds that have been reported in the 
literature are Ph2P(tfp),
134 PhP(tfp)2
135 and P(tfp)3.
135,136 Banger et al.137 have 
also shown that iPr2P(tfp) can be formed from Li(tfp) and 
iPr2PCl. However, a 
greater range of P(V) species of the type (RO)2P(O)(C≡C-Rf) (R = Me, Et, 
iPr, 
Ph; Rf = CF3, C2F5, 
nC3F7, CF2Cl and CF2H) have been prepared and their 
applications and conversions, for example to fluoroalkylated 
vinylphosphonates, have been studied.138-140 
1.7.1 Derivatisation of Perfluoroalkynyl Phosphines 
The reactivity of the tfp group has been investigated by the Brisdon 
group.137,141,142 Some group 14 tfp compounds (R3E(tfp), R = Et, Bu, Ph, E = 
C – Pb) have been reacted with RLi reagents (R = nBu, tBu, Ph).142 When R = 
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nBu or Ph addition across the triple bond occurs, resulting in alkenic species 
with the E isomer formed predominantly. The E isomer is also formed as the 
major product during the reaction with R = tBu at low (-60°C) temperature. 
However, when the tfp compound is added to a refluxing solution of tBuLi in 
THF, a remarkable cyclisation occurs, resulting in the formation of gem-
difluorocyclopropenyl (dfcp) compounds (Scheme 1.30).  
 
Scheme 1.30: Formation of gem-dfcp compounds. 
The reactivity of iPr2P(tfp) under these conditions has also been 
explored,137,141 with similar results. At higher temperatures the cyclisation is 
favoured, resulting in the dfcp compound as the major product. 
The oxidation of iPr2P(tfp) with XeF2 yields the expected P(V) species, 
F2P
iPr2(tfp), cleanly.
141 The reaction of iPr2P(tfp) with H2O2 results in the 
formation of the corresponding phosphine oxide according to NMR 
spectroscopic studies, however, the same reaction with iPrP(tfp)2 does not 
proceed cleanly resulting in a mixture of products.141 Reaction of PhP(tfp)2 
with H2O2 results not only in the oxidation of the phosphorus centre but also 
nucleophilic substitution of a tfp group, resulting in PhP(O)(OH)(tfp), as 
shown by single crystal X-ray diffraction studies.141  
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1.8 Coordination Chemistry of Fluorinated Phosphines 
1.8.1 Complexes of Fluoroalkyl Phosphines 
The coordination chemistry of perfluoroalkyl phosphines has received far less 
attention than their non-fluorinated analogues; this is due to the paucity of 
synthetic routes to these ligands. The first transition metal complex of a 
perfluoroalkyl phosphine was reported independently in 1958 by Emeleus 
and Smith55 and Burg and Mahler.143 Emeleus and Smith showed that the 
reaction of an excess of P(CF3)3 with [Ni(CO)4] at room temperature gave a 
mixture of [Ni(CO)3P(CF3)3] and [Ni(CO)2{P(CF3)3}2] (Scheme 1.31).
55 Both 
of these compounds are clear liquids which turn red on exposure to light, and 
are spontaneously flammable in air. 
 
Scheme 1.31: Reaction of an excess of P(CF3)3 with [Ni(CO)4]. 
The IR stretching frequencies of the carbonyl groups have been recorded for 
[Ni(CO)3P(CF3)3], [Ni(CO)2{P(CF3)3}2], [Ni(CO)3PF3], and [Ni(CO)2{PF3}2], so 
as to compare the electronic properties of the phosphines, and these are 
summarised in Table 1.4. 
Complex ν(CO)/cm-1 
[Ni(CO)3P(CF3)3] 2107, 2116
89 
[Ni(CO)2{P(CF3)3}2] 2088 
[Ni(CO)3PF3] 2110 
[Ni(CO)2(PF3)2] 2094 
Table 1.4: Comparison of ν(CO) in [Ni(CO)4-n(L)n] (L = PF3, P(CF3)3).
144 
These data suggest that PF3 and P(CF3)3 are electronically similar. However, 
PF3 can form the tetra-substituted nickel complex [Ni(PF3)4], whereas P(CF3)3 
can only form the bis-substituted complex. This is probably due to the 
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greater steric demand of P(CF3)3 relative to PF3, rather than their electronic 
properties.145  
Burg and Mahler formed [(CO)3NiP(CF3)2P(CF3)2Ni(CO)3] via the reaction of 
[Ni(CO)4] and P2(CF3)4. They also reported that upon reacting the cyclic 
phosphine (CF3P)4 with [Ni(CO)4],  an oily mixture of products with an 
average composition of [Ni3.77(CO)4.45P(CF3)4] was produced, suggesting a 
mixture of compounds of the type [(CF3P)4Ni(CO)3]n (n = 1-3).
143 Kang and 
Burg later showed that it was possible to synthesise [Ni(CO)3PR(CF3)2] (R = 
Me, Et, iBu) and [Ni(CO)3PEt2(CF3)] in a similar manner.
89 They also 
compared carbonyl stretching frequencies of these complexes to ascertain 
the trend in the pi-acceptor strength for the phosphines (Table 1.5). 
PR3 ν(CO)/cm
-1 
MeP(CF3)2 2105 
EtP(CF3)2 2103 
Me2P(CF3) 2081 
PMe3 2064 
Table 1.5: ν(CO) of some [Ni(CO)3L] complexes (L = PR3). 
The complexes [Co(NO)(CO)2-n{P(CF3)3}n] (n = 1, 2) were also synthesised 
by Burg et al., although they state that it is more difficult to prepare these 
than the corresponding nickel carbonyl complexes.146 Burg and Street 
synthesised the complex [Ni(CO)2{κ
2-(CF3)2PCH2CH2P(CF3)2}] by reacting 
[Ni(CO)4] with the chelating ligand (CF3)2PCH2CH2P(CF3)2 in refluxing 
benzene.147 The heteroatom bridged diphosphines (CF3)2PEP(CF3)2 (E = O,
148 
S,148,149 N-R where R = H150 or Me148) have been shown to form nickel 
carbonyl complexes, resulting in the formation of dimetallic systems. 
Trifluoromethyl-containing phosphine-substituted carbonyl complexes of 
other metals have also been synthesised, including rhodium, manganese, 
iron, chromium, molybdenum and cobalt. Khokhryakov et al. formed 
compounds of the type [Rh(CO)Cl{PPh3-n(CF3)n}2] (n = 1, 2), and 
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[RhCl3{PPh3-n(CF3)n}3] (n = 1, 2).
151 However the only other reports of 
rhodium complexes of fluoroalkyl-containing phosphines in the literature are 
theoretical studies, and as such will not be considered further here.  
Dobbie152 has shown that trifluoromethyl phosphines, (CF3)2PX react with 
pentacarbonyl manganese hydride, [HMn(CO)5], to yield complexes of the 
type [HMn(CO)4{P(CF3)2X}] (where X = F, CH3, CF3). Dobbie reports that 
these complexes are a mixture of cis- and trans- isomers according to NMR 
spectroscopy. However, when X = Cl, Br or I, [XMn(CO)5] is the recovered 
product, along with HP(CF3)2.
152 
The tris-(trifluoromethyl)phosphine iron carbonyl complexes [Fe(CO)5-
n{P(CF3)3}n] (n = 1-3), can also be formed by allowing [Fe(CO)5] and P(CF3)3 
to react under “carefully controlled conditions in direct sunlight”.153 Brookhart 
et al.154 showed that (C2F5)2PCH2CH2P(C2F5)2 (dfepe) reacts with 
[(benzylideneacetone)Fe(CO)3] resulting in the synthesis of 
[(dfepe)Fe(CO)3], the ruthenium analogue of which has been reported by 
Roddick et al.155 Subsequently CO can then be photo-substituted for THF, 
C2H4, P(OCH3)3, and butadiene, yielding low valent iron complexes of dfepe. 
Roddick and co-workers have shown that dfepe can also form carbonyl 
complexes with molybdenum,98 chromium,98 tungsten98 and cobalt.156 The 
thermal substitution reaction of dfepe and [M(CO)6] (M = Mo, Cr, W) 
afforded the tetracarbonyl complexes [(dfepe)M(CO)4], and they report that 
dfepe rivals fluorophosphines in pi-acceptor strength based on comparisons 
of IR data.98 The same group have also reported the synthesis of several 
[M(CO)5L] species (L = PhP(C2F5)2, M = Mo, Cr, L = (Et2N)P(C2F5)2, 
MeP(C2F5)2, M = Mo), however, they did not observe any coordination of the 
tris-substituted ligand P(C2F5)3, or the bulkier derivative 
tBuP(C2F5)2.
99  The 
cobalt complex, [(dfepe)(CO)2Co(H)] was prepared via the reaction of dfepe 
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with the [(CO)4Co]
− anion followed by acidification with HBF4.(Me2O). The 
compound is an oil which decomposes after several hours. The ν(CO) bands 
of this complex are observed at higher energy than the analogous PPh3 
containing complex,156 as expected based on the electronic properties of the 
two ligands. 
Beg and Clark157 synthesised [PtCl2{PMe2(CF3)}2] and [PtCl2{PMe(CF3)2}2] 
via the direct reaction of PtCl2 and the phosphine in a sealed tube at room 
temperature (Scheme 1.32). The former was assigned as the cis-isomer, on 
the basis of the compound having a large dipole moment, whereas the latter 
has a dipole moment of zero, and therefore is the trans isomer. A similar 
reaction with P(CF3)3 in methanol was problematic, the solution acquired a 
yellow colour and some crystals appeared to form, but all attempts to isolate 
the material failed. Khokhyrakov et al.158 passed gaseous P(CF3)3 through a 
methanolic solution of Na2[PtCl4], resulting in a brown coloured compound, 
reported as “[Pt{P(CF3)3}(P(CF3)2O)Cl2]”; subsequent work-up with pyridine 
was reported to afford [Pt(P(CF3)O)2Py2], which they state shows that 
P(CF3)3 does coordinate to platinum but the resulting complex is very readily 
hydrolysed by trace amounts of water.  
 
Scheme 1.32: Reaction of PtCl2 with methyltrifluoromethylphosphines. 
Beg and Clark81 also reported the synthesis of [PtCl2{PPh2(CF3)}2] and 
[PtCl2{PPh(CF3)2}2], via the addition of an acetone solution of the phosphine 
to an aqueous solution of K2[PtCl4]. Both of these complexes formed the 
trans-isomer (again assigned based on their zero dipole moment), however, 
Rest159 reports that the route used by Beg and Clark yielded exclusively the 
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cis-isomer of [PtCl2{PPh2(CF3)}2], and that the trans isomer could be formed 
by changing the solvent of the reaction from acetone to methanol. Rest also 
reported the synthesis of cis/trans-[PtX2{PPh2(CF3)}2] (X = Br, Cl) and trans-
[PdX2{PPh2(CF3)}2] (X = Cl, Br, I), along with the halide-bridged compounds 
[(CF3Ph2P)MX(µ
2-X)]2 (M = Pd, X = Cl, Br, I, M = Pt X = I).
159 Grigorov and 
Khokhryakov160 showed that trans-[PtCl2{PPh3-n(CF3)n}2] (n = 1, 2) isomerise 
to the cis-isomers upon heating, as evidenced by the presence of two Pt-Cl 
stretches in the infra-red spectrum (cf. one for the trans-isomer); this 
isomerisation was independently confirmed by Beg and Qaiser.161 
Roddick and co-workers100 have synthesised trans-[PtCl2{PPh2(C2F5)}2] and 
trans-[PtCl2{PPh(C2F5)2}2], from two equivalents of the corresponding 
phosphine and [PtCl2(NCPh)2] or [PtCl2(cod)] respectively, although, when 
preparing the bis-C2F5 containing complex approximately 10% of the chloride 
bridged dimer, [{(C2F5)2PhP}PtCl(µ
2-Cl)]2 was also formed. They have also 
structurally characterised trans-[PtCl2{PPh2(C2F5)}2] and trans-
[PtCl2{PPh(C2F5)2}2] via X-ray diffraction studies, which allows for estimates 
of the steric demand of the phosphines to be made. PhP(C2F5)2 and Ph2PC2F5 
have estimated Tolman Cone Angles of 178° and 160° respectively (based on 
published data;100 estimated using STERIC).162 It can be seen from these 
data that the substitution of a phenyl ring for a C2F5 moiety increases the 
bulk of the phosphine considerably. The same group have also prepared 
complexes of the type [PtMeX{PMe(C2F5)2}2] (X = Me, O2CCF3, OTf, 
OSO2F),
163,164 and have investigated their reactivity with CO and H2, finding 
that [PtMe(CO){PMe(C2F5)2}]
+X- results in reductive carbonylation under 
moderate pressures of CO to yield MeC(O)X anhydride products.164 
Beg and Clark synthesised the complexes [NiX2{PMe2(CF3)}2] (X = Cl, Br, I, 
NO3, SCN), all of which are stable.
165 They report that the ligands MeP(CF3)2 
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and P(CF3)3 show no sign of reaction with Ni(II) salts. The reason for this 
may be down to steric factors, as nickel has a smaller van der Waals’ radius 
than platinum (163 pm vs. 175 pm), since the electronic properties of 
MeP(C2F5)2 and MeP(CF3)2 are expected to be very similar. 
Manojlovic-Muir et al. were able to synthesise the dichloropalladium(II) 
complex cis-[PdCl2{κ
2-Ph2PCH2CH2P(CF3)2}] of the unsymmetrical chelating 
phosphine (CF3)2PCH2CH2PPh2, by the addition of the phosphine to 
[PdCl2(NCPh)2] in refluxing benzene.
166 They subsequently obtained the 
analogous dichloroplatinum(II) complex in the same manner.167 Both of 
these complexes have been characterised via single crystal X-ray diffraction 
studies. Roddick and co-workers have also shown that the symmetrical bis-
phosphine, dfepe, coordinates to a variety of metal centres including rhodium 
and iridium (affording [(dfepe)M(µ-Cl)]2 where R = Rh, Ir)
168 and nickel, 
molybdenum and chromium as described above. 
Pincer ligands of the type 1,3-(Rf2PCH2)2C6H4 (Rf = CF3, C2F5) have also been 
shown to coordinate to platinum forming [ClPt{κ3-(1,3-Rf2PCH2)2C6H4}].
101 
There has been considerable growth in the chemistry and application of these 
pincer “PCP” complexes; they have been used in alkene dehydrogenation 
chemistry of iridium for example, though to date no studies of fluorinated 
pincer ligand catalysis or applications have been published. 
1.8.2 Complexes of Perfluorovinyl Phosphines 
The synthesis and reactivity of perfluorovinyl phosphines has been widely 
explored in recent years, as has their coordination chemistry. They have 
been shown to coordinate to a variety of metals (Scheme 1.33), including 
molybdenum,36,169 rhodium,170,171 palladium,170 platinum36,170,172 and gold.36  
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Scheme 1.33: Coordination chemistry of perfluorovinyl phosphines. 
The gold(I) complex of Ph2P(CF=CF2) displays an interesting structure in the 
solid state, adopting a dimeric structure, [{AuCl[PPh2(CF=CF2)]}2]. This 
complex contains a short gold-gold contact of 3.1945(5) Å, with the P – Au – 
Cl units almost perpendicular to one another (Cl1–Au1–Au2–P2 torsion angle 
is 98.6(1)°) in a “crossed swords” motif.36 
The trans-palladium(II) and platinum(II) dihalide square-planar complexes 
contain intramolecular short contacts between the metal centre and the cis-
fluorine atoms on the perfluorovinyl groups that are less than the sum of the 
van der Waals’ radii, resulting in a pseudo-octahedral geometry.170,173 A 
similar feature has also been observed in [Rh(CO)Cl (PPh2CF=CF2) 2].
170 
There appears to be a fine balance as to whether the geometry of the 
platinum halide complexes is cis or trans. The cis complex is 
thermodynamically favoured, unless the ligands are sterically demanding, in 
which case the trans isomer will be formed preferentially. The complexes 
[PtX2{PEt2(CF=CF2)}2] (X = Cl, Br, I) have been studied. In the case of the 
chloride, an oily product results, which based on the appearance of the 
31P[1H] NMR spectrum and the magnitude of the 1JPtP coupling constant (3667 
Hz) was assigned as the cis isomer. However, when X = iodide, a low melting 
solid forms which gives rise to a virtual triplet in the 31P[1H] NMR spectrum, 
confirming that the trans isomer has formed exclusively. Finally, when 
Et2PCF=CF2 is added to an ethanolic solution of K2[PtBr4], the 
31P[1H] NMR 
spectrum of the product contains resonances corresponding to both isomers. 
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Similarly, this cis/trans balance is also displayed in [PtCl2(P
iPr2CF=CF2)2], 
perhaps the most interesting perfluorovinyl phosphine complex, which exists 
exclusively as the trans isomer in solution but crystallises as a mixture of 
both cis and trans isomers of the complex in the same unit cell (Figure 1.10). 
The trans isomers are located at the corners, and top and bottom faces of 
the cell, with the cis-isomers sited in-between, such that the unit cell 
containing 4 cis and 2 trans molecules. 
 
Figure 1.10 ORTEP174 representation of the cis and trans isomers of 
[PtCl2{P
iPr2(CF=CF2)}2]. Thermal ellipsoids set to 50% and hydrogen atoms 
removed for clarity. Taken from Ref. 174 170 
The Pt-P bond lengths are shorter in the cis molecule than in the trans 
(2.44(4) Å vs 2.290(3) Å), whilst the reverse is noted for the Pt-Cl bond, as 
expected based on the relative trans influences of phosphine and chloride 
ligands (where P > Cl). 
The arrangement of the cis/trans-isomers in the solid state structure of 
[PtCl2{P
iPr2(CF=CF2)}2] results in the congregation of the fluorine 
substituents, forming isolated pockets of fluorous domains (Figure 1.11). 
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Figure 1.11: Space-filling diagram of cis-/trans-[PtCl2{(P
iPr2(CF=CF2)}2], 
illustrating the fluorous domains. Taken from Ref. 170 170 
The only other example of this co-crystallisation of isomers was observed in 
the complex [PtCl2{P(C6H4C6F13-4)3}2], which was found to a adopt a similar 
packing arrangement to give a cis : trans ratio of 2:1.175 It is thought that in 
this complex the long fluorous chains are responsible for the packing. 
However, it is unlikely that the CF=CF2 unit is capable of giving rise to 
fluorophilic/fluorophobic interactions, though they are shown to aggregate 
(Figure 1.11). 
Comparisons of the ν(CO) stretching frequencies of the molybdenum and 
rhodium complexes has been achieved.170 As mentioned previously, these 
data can be empirically related to the data obtained from [Ni(CO)3L] 
complexes, and it has been shown that the perfluorovinyl group imparts a 
similar electron-withdrawing effect to an alkoxy group, and a slightly greater 
effect than a perfluoroaryl moiety. The compound [Mo(CO)5{PPh2(CF=CF2)}] 
has also been shown to crystallise at very low temperature.176 
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The rhodium complexes [Cp*RhCl2{PR3-x(CF=CF2)}x] (x = 1, R = Ph, 
iPr, Et, 
x= 2, R = Ph)171 have also been prepared, via treatment of [Cp*RhCl(µ-Cl)]2 
with the corresponding phosphine. When reacted with tBuCN in the presence 
of NaBF4, the salts [Cp*RhCl(NC
tBu){PR3-x(CF=CF2)x}]BF4 were formed 
(Scheme 1.34).  
Scheme 1.34: Formation of pentamethylcyclopentyl rhodium complexes of 
perfluorovinyl phosphines. 
Similarly, the salt [Cp*RhCl{κ-P,κ-S-PPh(CF=CF2)}(C6H4SMe-2)]BF4 was 
produced as a mixture of enantiomers which differ in the relative positions of 
the perfluorovinyl and pentamethylcyclopentadienyl groups, of which the cis 
isomer is formed preferentially. The reaction of these salts with proton 
sponge has been investigated and it was found that [Cp*RhCl{κ-P,κ-S-
PPh(CF=CF2)}(C6H4SMe-2)]BF4 undergoes dehydrofluorinative coupling, 
although not cleanly and that some products due to HF addition across the 
vinyl bond are also formed (Scheme 1.35).171 
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Scheme 1.35: Dehydrofluorinative coupling of [Cp*RhCl{κ-P,κ-S-
PPh(CF=CF2)}(C6H4SMe-2)]BF4. 
1.8.3 Fluoroalkynyl Phosphine Complexes 
There are few fluoroalkynyl phosphine complexes in the literature; those that 
are known are limited to complexes of Ph2P(tfp). This phosphine has been 
coordinated to palladium and platinum. The square planar cis-
[PtCl2{PPh2(tfp)}2] complex is formed from the reaction between the 
phosphine and [PtCl2(cod)], whereas the square planar cis-
[PdCl2{PPh2(tfp)}2] is made from [PdCl2(NCPh)2] and the phosphine.  
Other complexes of this phosphine have been synthesised, to investigate the 
potential of the alkyne bond to participate in coordination, for example, the 
complex [Co4(CO)10{PPh2(tfp)}2] was prepared by the addition of two 
equivalents of the phosphine to [Co2(CO)8] and has been structurally 
characterised via single crystal x-ray diffraction studies. The molecular 
structure shows that the alkyne moiety is coordinated to two cobalt atoms 
(of Co(CO)5 fragments), whilst the phosphorus atom of the same ligand is 
coordinated to an adjacent Co(CO)5 unit. This leads to the formation of a 
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“puckered” 6-membered Co2C2P2 ring, probably via the intermolecular 
displacement of two CO groups by the uncoordinated phosphorus atoms of 
{Ph2P(tfp)}Co2(CO)6. 
The zerovalent complexes [M{Ph2P(tfp)}2]2 and [Ph3PM{Ph2P(tfp)}2]2 (M = 
Pd, Pt] have also been synthesised, and coordination of the acetylene bond 
was found to occur in these complexes as well. The complexes 
[M{Ph2P(tfp)}2]2 are prepared via the reduction of the cis-[MCl2{PPh2(tfp)}2] 
derivatives with NaBH4, and the presence of metal-acetylene interactions 
confirmed via IR/raman spectroscopy. The complexes [Ph3PM{Ph2P(tfp)}2]2 
were prepared from [M(PPh3)4] (M = Pd, Pt) and one equivalent of Ph2P(tfp) 
in dry benzene, and again the presence of a coordinated triple bond was 
indicated by IR/raman spectroscopic studies. The palladium derivative was 
also analysed by single crystal X-ray diffraction studies, finding that the C≡C 
bond length was (on average) 1.285(28) Å, longer than “free” C≡C distances 
of 1.20 Å,177 giving further evidence of metal – acetylene interaction. 
1.9 Summary 
Several research groups have identified a gap in the stereoelectronic profile 
of phosphorus(III) ligands, with only a few large, electron-poor phosphines 
currently known. A number of reports have suggested that perfluoroalkyl-
containing phosphines will fill this void; however, as described above, there 
are no generic, simple methods available for the synthesis (and subsequent 
investigation) of these ligands. This lack of available methodology has 
hindered the development of their chemistry, as evidenced by the extremely 
low number of coordination complexes of this class of compound compared 
with their perprotio analogues. Those examples that are known are 
essentially limited to CF3, C2F5, and C2F3 and CCCF3 substituted examples. 
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2. Unsaturated Fluoro-organo Phosphines 
In recent years the protocol for introducing perfluorovinyl groups into 
phosphorus systems has been well established.36,121,137,170,172,173 However, as 
most of this work has focussed on phosphines bearing relatively small 
perprotio groups; it was decided to investigate the synthesis of bulkier 
analogues, which as described above are of interest. 
2.1 Perfluorovinyl Phosphines 
2.1.1 MesP(CF=CF2)2 (1) 
A diethyl ether solution of MesPCl2 was synthesised (Scheme 2.1) via the 
slow addition of mesitylmagnesium bromide to PCl3 at -78°C; this was 
subsequently added cautiously (at -95°C) to an excess of CF2=CFLi 
(synthesised from HFC-134a and 2 equivalents of nBuLi) resulting in a dark 
brown oil. 
 
Scheme 2.1: Synthesis of MesP(CF=CF2)2. 
The 31P{1H} NMR spectrum of the resulting oil shows a complex triplet based 
pattern at δ -63.3 ppm (JPF ~ 54 Hz), consistent with the presence of two 
perfluorovinyl groups attached to the phosphorus centre, cf. PhP(CF=CF2)2 
lit. δ -51.0 ppm.36  
The 19F NMR spectrum contains the expected three signals for the three 
chemically unique fluorine environments of a perfluorovinyl group, at δ -
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84.5, -107.0 and -170.7 ppm (see Figure 2.1, Figure 2.3, and Figure 2.2 
respectively); these are all doublets of doublets of doublets. 
 
Figure 2.1: Expansion of the signal observed at δ -84.5 ppm in the 19F NMR 
spectrum of 1. 
The signal at -84.5 ppm (Figure 2.1) is assigned as the fluorine atom trans to 
the phosphorus centre, as it does not have a large (>100 Hz) F–F coupling 
constant characteristic of trans fluorine-fluorine interactions.178 The signal at 
δ -170.7 ppm (Figure 2.2) is assigned to the fluorine atom geminal to the 
phosphorus atom, based on its chemical shift, and that it shares a coupling 
constant of 30 Hz with the signal at δ -84.5 ppm, indicative of cis fluorine-
fluorine interaction.178  
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Figure 2.2: Expansion of the signal observed at δ -170.7 ppm in the 19F NMR 
spectrum of 1. 
Therefore the signal at δ -107.0 ppm (Figure 2.3 is assigned to the fluorine 
atom cis to the phosphorus nuclei; it shares a large coupling constant (121 
Hz, mutual trans 3JFF coupling) with the signal at -170.7 ppm. 
 
Figure 2.3: Expansion of the signal observed at δ -107.0 ppm in the 19F NMR 
spectrum of 1. 
This signal also has a doublet coupling of 54.6 Hz, shared with the signal 
observed at δ -63.3 ppm in the 31P{1H} NMR spectrum. The magnitude of 
the coupling constant is also consistent with that observed between the 
phosphorus centre and the cis-fluorine atom in related systems (e.g. 
Ph2P(CF=CF2) and PhP(CF=CF2)2, where 
3JPFcis = 61 and 57 Hz respectively). 
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The 1H NMR spectrum confirms the presence of the aromatic protons, with a 
singlet observed at δ 6.97 ppm, the ortho-methyl protons are observed at δ 
2.44 ppm, and the para-methyl protons seen at δ 2.29 ppm, integrating in 
the expected ratio of 2:6:3. 
Whilst the data above unequivocally allows the compound to be assigned as 
MesP(CF=CF2)2, the yield of the reaction is poor, and despite repeated 
attempts insufficient quantities of material for further analysis/study were 
obtained. 
2.1.2 Attempted Synthesis of Mes2P(CF=CF2) (2) 
The synthesis of compound 2 was attempted in a similar manner to that 
described for 1, again resulting in a dark brown oil. 
However, the 31P{1H} NMR spectrum of the oil only contained a signal 
corresponding to the starting chlorophosphine, Mes2PCl (lit. δ 76.0 ppm),
179 
and it seems as though this reaction does not proceed under these 
conditions. As Mes2PCl is a rather bulky electrophile, this may mean that the 
activation energy of this reaction is large, and as such at the low 
temperatures required to prevent the decomposition of CF2=CFLi, there is 
not enough energy for the reaction to proceed, resulting in the recovery of 
Mes2PCl.  
2.1.3 Cy2P(CF=CF2) (3) 
The synthesis of this compound has been previously reported,121 and was 
repeated so as to investigate its stereoelectronic properties (Sections 2.5.1 
and 2.5.2).  
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Scheme 2.2: Synthesis of compound 3. 
Following the reported procedure121 a mobile dark brown oil was obtained in 
very high yield. The 31P{1H} NMR spectrum of the oil displays a single 
resonance at δ -16.3 ppm (lit: -16.2 ppm)121 which is an overlapping doublet 
of doublet of doublets (Figure 2.4). 
 
Figure 2.4: 31P{1H} NMR spectrum of 3. 
The 19F NMR spectrum displays the three characteristic resonances of a 
fluorovinyl group, at δ -86.5, -110.7, and -177.5 ppm (lit: δ -86.4, -110.5, -
177.3 ppm).121 These data confirm the identity of the compound, and its 
chemistry/stereoelectronic properties are detailed in Section 2.5. 
2.2 Difluorovinyl Phosphines 
Introducing bulk at the phosphorus centre appears to have a potential limit 
i.e. bis-mesitylchlorophosphine is sterically too demanding for the low-
temperature reaction with Li(pfv) to proceed. In order to remedy this, an 
alternative strategy to synthesising bulky phosphines is required. As 
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fluorovinyl groups have been shown to be susceptible to nucleophilic 
substitution (Section 1.6.2), adding bulk to perfluorovinyl phosphines in this 
manner provides an alternative route to synthesising sterically demanding 
ligands possessing electron-withdrawing substituents. 
2.2.1 (E/Z)-iPr2P(CF=CFtBu) (4(E)/(Z)) 
The addition of tBuLi to iPr2P(CF=CF2) at -78°C was undertaken (Scheme 
2.3), resulting in the formation of a dark brown oil.  
 
Scheme 2.3: Derivatisation of perfluorovinyl group. 
The 31P{1H} NMR spectrum of the resulting oil shows two signals, both 
doublets of doublets, centred at δ -2.3 and -4.9 ppm (in the ratio 1:5), with 
no signal observed for the starting phosphine iPr2P(CF=CF2) (δ –7.6 ppm). 
The signal at δ -4.9 ppm is more intense, and exhibits coupling constants of 
96 and 6.3 Hz, whilst the signal at δ -2.3 ppm has a coupling constant of 11 
Hz, with another doublet coupling that is too small to determine accurately. 
The 19F NMR spectrum of the oil shows two pairs of signals, also in the ratio 
1:5. The more intense pair of signals are observed at δ -136.9 and -156.2 
ppm; these are a doublet of doublets and a doublet respectively. The 
resonance at δ -136.9 ppm has coupling constants of 144 Hz (indicative of a 
trans fluorine-fluorine interaction; these are typically 120–140 Hz)178 and 96 
Hz, consistent with that observed in the signal at δ -4.9 ppm in the 31P{1H} 
NMR spectrum. This coupling (3JPF) is also similar in magnitude to that 
observed for P–Fcis couplings in perfluorovinyl phosphines, such as 3 and 
iPr2P(CF=CF2) (54 and 53 Hz)
121 and difluorovinyl phosphines such as 
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Ph2PCF=CF
nBu (89 Hz).121 The magnitudes of these coupling constants 
suggest that the major coupling mechanism in the Z-compounds (and in the 
P-Fcis coupling constants in compounds 3, 
iPr2P(CF=CF2), and 
Ph2P(CF=CF
nBu) above) is “through-space” coupling. The “through-bond” 
contribution to coupling constants involving fluorine nuclei are known to be 
small when the number of bonds between the interacting nuclei is greater 
than three.180 Some systems that require phosphorus-fluorine couplings 
through four bonds have a much greater magnitude than would be expected, 
e.g. in Ph2P(5,6,7,8-tetrafluoronaphthalene) the phosphorus–fluorine 
coupling constant is 198 Hz.181 This has been interpreted in terms of 
through-space coupling. The remaining doublet, observed at δ -156.2 ppm 
has a 3JFF coupling constant of 144 Hz, and some additional fine structure, 
suggesting that it may be a poorly resolved doublet of doublets, with a small 
coupling constant of ca. 5 Hz, possibly corresponding to 3JPF. 
The lower intensity pair of signals observed at δ -112.2 and -139.3 ppm are 
both doublets, though the signal at δ -139.3 ppm is poorly resolved. The 
doublet at δ -112.2 ppm has a 2JPF coupling constant of 11 Hz. The signal 
observed at δ -139.3 ppm is broad, but appears as a doublet with a coupling 
constant of ca. 3 Hz. 
The 1H NMR spectrum contains two resonances, both singlets, at δ 0.96 and 
0.89 ppm. The peak at δ 0.89 ppm is more intense, though accurate 
integration is not possible owing to overlap of the signals. The chemical shifts 
are consistent with that of methyl groups adjacent to quaternary carbons, 
suggesting two similar species have been formed, each containing a tertiary 
butyl moiety.  
On the basis of multinuclear NMR data, it appears that both the E and Z 
isomers have been formed, with the Z-isomer formed predominantly as 
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evidenced by the presence of the large 3JFF coupling constant (in the 
approximate ratio 1:5, from integration of the NMR data, Scheme 2.4). 
Unfortunately, due to the similar solubilities of these compounds, separation 
was not achieved. 
 
Scheme 2.4: Outcome of nucleophilic substitution of iPr2PCF=CF2 with 
tBuLi. 
2.2.2 (E/Z)-Ph2P(CF=CFtBu) (5(E)/(Z)) 
In a similar fashion Ph2P(CF=CF2) was treated with 
tBuLi at -78°C, which 
after work-up afforded a viscous dark brown oil.  
The 31P{1H} NMR spectrum of the resulting oil contains two resonances, at δ 
-23.6 (>94 % based on integration) and -19.6 ppm (see Figure 2.5).   
 
Figure 2.5: Expansion of 31P{1H} NMR spectrum of E/Z-Ph2PCF=CF
tBu. 
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Similarly, the 19F NMR spectrum of this oil contains two pairs of resonances, 
in relative intensities which agree with the integration data from the 31P{1H} 
NMR spectrum.  
The major signals are observed at δ -134.1 (doublet of doublets, 3JFF = 143.4 
Hz, 3JPF = 112 Hz) and -156.3 ppm (doublet of doublets, 
3JFF = 143.4 Hz, 
2JPF 
= 5.6 Hz). Both these signals have a 3JFF coupling of 144 Hz, suggesting that 
they arise from fluorine nuclei that are trans to one another across a double 
bond. The remaining coupling constants (112, 5.6 Hz) are shared with the 
signal at δ -23.6 ppm in the 31P{1H} NMR spectrum. The signal at δ -134.1 
ppm is assigned as the fluorine nucleus cis to the phosphorus centre, on the 
basis of the large (112 Hz) shared coupling constant, and therefore the 
signal at δ -156.3 ppm is assigned as the geminal fluorine nucleus which 
exhibits smaller phosphorus fluorine coupling, as has been noted before by 
Barnes et al.121 for (Z)-Ph2P(CF=CF
nBu). 
The minor signals are observed at δ -108.3 and -139.5 ppm, similar to those 
found in (Z)-iPr2P(CF=CF
tBu), and are a doublet and a singlet respectively. 
The signal at δ -108.5 ppm has a doublet coupling of 16 Hz, shared by the 
signal at δ -18.3 ppm in the 31P{1H} NMR spectrum.  
The 1H NMR spectrum is as expected – there are complex aromatic signals at 
δ 7.24–7.30 and 7.33–7.43 ppm, and a triplet centred at δ 1.19 ppm, with a 
coupling constant of ~2 Hz. 
Taken together, the multinuclear NMR data shows that the major product of 
this reaction is (Z)-Ph2P(CF=CF
tBu), and that contrary to earlier reports121 a 
small amount of (E)-Ph2P(CF=CF
tBu) is also formed. 
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2.3 Chemistry of Difluorovinyl Phosphines 
As outlined previously, quantifying the electronic parameter of a phosphine is 
possible by a variety of methods, of which the most straightforward is based 
on 1JPSe coupling constants derived from the phosphorus(V) selenide 
(Scheme 2.5). 
2.3.1 Se=PPh2(Z-CF=CFtBu) (6) 
The synthesis of this compound was attempted according to the method of 
Barnes et al.,121 by refluxing 5-(Z) in toluene in the presence of elemental 
selenium (Scheme 2.5), which after work-up and purification via column 
chromatography resulted in a light brown solid. 
 
Scheme 2.5: Reaction of 5-(Z) with elemental selenium. 
The 31P{1H} NMR spectrum of this solid (Figure 2.6) in CDCl3 contains a 
doublet of doublets, (J = 70.9, 4.4 Hz) at δ 24.4 ppm, with 77Se (I = ½, 
7.6%) satellites (1JPSe = 764 Hz).  
 Figure 2.6: Expansion of signal observed at δ 24.4 ppm in the 
spectrum of the product from the reaction
The 1JPSe coupling constant 
consistent with the data obtained from the 
2.7) of this material
doublets (1JPSe = 764 
Figure 2.7: Expansion of signal ob
NMR spectrum of the 
The 19F spectrum of the brown solid
resonances at δ -126.1 and 
 between 5-(Z) and selenium
obtained from the 31P{1H} NMR spectrum
77Se{1H} NMR spectrum
, which exhibits an overlapping doublet of doublet of 
Hz, 3JSeF = 5.0, 
5JSeF = 5.0 Hz) at δ -294.8 ppm.
served at δ -294.8 ppm in the 
product from the reaction between 5-(Z)
 (Figure 2.7) displays two complex 
-156.8 ppm; they are interpreted as a doublet of 
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dectets (3JFF = 141.4 Hz, 
5JFH = 2.0 Hz) and a doublet of doublet of dectets 
(3JFF = 141.4 Hz, 
3JPF = 70.8 Hz, and 
4JFH = 2.0 Hz, Figure 2.8) respectively.  
 
Figure 2.8: Expansion of the doublet of doublet of dectets observed at δ -
156.8 ppm in the 19F NMR spectrum of 6.  
The presence of the large (141.3 Hz) mutual coupling between the fluorine 
signals confirms that the fluorine nuclei are trans to one another across the 
double bond The signal at δ -156.8 ppm also shares a coupling constant with 
the signal observed at δ 24.4 ppm in the 31P{1H} NMR spectrum, and is 
assigned as the fluorine nucleus geminal to the phosphorus centre on the 
basis of this (and its chemical shift), therefore the other signal at δ -126.1 
ppm is assigned to the fluorine nucleus bonded to the β-carbon. The 
magnitude of the coupling between the nuclei differs from that of 5-(Z), the 
precursor phosphorus(III) compound. In 5-(Z) the largest P-F coupling 
constant is to the cis-fluorine nuclei (possibly owing to a “through-space” 
coupling mechanism), whilst it has decreased to zero upon oxidation to the 
phosphorus(V) species. This is consistent with the change observed for the 
oxidation of perfluorovinyl phosphines, PR2CF=CF2 (R = Ph, Et, 
iPr) to 
E=PR2CF=CF2 (E = O, S, Se).
121  
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The magnitude of the phosphorus–selenium coupling constant is interesting, 
which at 764 Hz is lower than observed in Se=PPh2(CF=CF2) (785 Hz),
121 
which is consistent with having replaced an electron withdrawing fluorine 
atom for an electron-donating tert-butyl group. However it is larger than 
observed in Se=PPh3 (
1JPSe = 732 Hz),
37 showing that the electron 
withdrawing effect of the difluorovinyl group is still present. 
2.4 Trifluoropropynyl Phosphines 
As discussed in Section 1.7, there are very few tfp phosphines known, and 
only the coordination chemistry of Ph2P(tfp) has been examined in any detail. 
The following tfp-containing compounds were synthesised via the HFC-
245fa/nBuLi route as pioneered by Brisdon et al.,132 and described in Section 
1.7. 
2.4.1 PhP(tfp)2 (7) 
This compound has been previously synthesised by the Brisdon group, 
though not reported.141 The slow addition of a diethyl ether solution of PhPCl2 
to a cold, stirred solution of Li(tfp) results in the formation of compound 7 in 
high yield as a pale yellow liquid after distillation (Scheme 2.6). It can be 
stored for a reasonable lengths of time if kept cold, but discolours slowly at 
room temperature, though there is no discernible change in any of the NMR 
spectra.182 
 
Scheme 2.6: Formation of 7 
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The 31P{1H} NMR spectrum of 7 in CDCl3 shows a single resonance at δ -67.2 
ppm as a septet with 4JPF = 6.4 Hz (Figure 2.9). The 
19F NMR spectrum shows 
a doublet (4JPF = 6.4 Hz) at δ -51.9 ppm. 
 
Figure 2.9: 31P{1H} NMR spectrum of PhP(tfp)2. Inset: Expansion of the 
signal observed at δ -67.2 ppm. 
For details on the stereoelectronic properties of this compound, see Section 
2.5.2. 
2.4.2 PhP(tfp)2 + tBuLi 
The addition of a sterically demanding nucleophile to tfp compounds results 
in the formation of a dfcp compound, as described in Section 1.7.1. In this 
manner iPr2P(dfcp) has been produced from 
iPr2P(tfp).
137,141 However, 
introducing two of these groups into a compound has not yet been explored. 
The addition of 2 equivalents of tBuLi to a heated THF solution of 7 results in 
the formation of a dark oil. The 31P{1H} NMR spectrum of this oil shows three 
major signals, at δ -1.6, -6.0 and -14.4 ppm; they are a doublet of doublets, 
a quartet and a quartet respectively (Figure 2.10).  
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Figure 2.10: 31P{1H} NMR spectrum showing the major signals observed 
after  the reaction between PhP(tfp)2 and 
tBuLi. 
The 19F NMR spectrum of the brown oil also contains three major signals; a 
doublet centred at δ -50.2 ppm, another doublet centred at δ -54.2 ppm, 
and a pair of doublet of doublets centred at δ -99.1 and -101.9 ppm, which 
display slight second order effects. 
The doublet of doublets observed at δ -1.6 ppm in the 31P{1H} NMR 
spectrum suggests the presence of only one cyclised tfp group; if both tfp 
groups had been converted into dfcp units then the signal observed in the 
31P{1H} NMR spectrum would be expected to be a triplet of triplets (or a 
doublet of doublet of doublet of doublets). The signal has coupling constants 
of 14.6 and 4.9 Hz, which are shared with those observed in the pair of 
second order doublet of doublets centred at δ -99.1 and -101.9 ppm (these 
two signals are in the ratio 1:1) in the 19F NMR spectrum (14.5 and 4.9 Hz 
respectively). The 19F NMR signals also share a mutual coupling constant of 
122 Hz, and their chemical shifts are in the region of the spectrum dfcp 
groups have been observed in other compounds, cf. Ph3Si(dfcp) δ -103.1 
ppm,142,183 and iPr2P(dfcp) δ -103.3 ppm.
137 The 19F NMR signals of 
Ph3Si(dfcp) and 
iPr2P(dfcp) are a singlet and a doublet respectively, 
suggesting that the fluorine nuclei are magnetically equivalent. However, for 
the signals described above, the appearance of two mutually coupled 
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doublets of doublets (with slight second order effects) suggests that the 
product formed contains non-equivalent fluorine nuclei, for example due to 
the presence of a stereocentre, therefore making the fluorine nuclei of the 
dfcp group diastereotopic. This means that both tfp groups cannot have been 
cyclised. Cyclisation of one tfp group would give rise to the P-chiral 
compound Ph(tfp)P(dfcp), that would contain two different fluorinated groups  
however there is no evidence in either the 31P{1H} or 19F NMR spectra to 
support this. The chemical shifts of phosphorus(III) compounds can be 
predicted with reasonable accuracy (to within a few ppm) by an additive 
relationship based on which R groups are bound to the phosphorus centre. 
This is known as Grim’s Law (Figure 2.11).184,185 
! =  −62 +   "#
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Figure 2.11: Grim's Law for estimating the chemical shift of phosphines (σP 
is the value in ppm for each substituent). 
Based on Grim’s Law,184 the predicted chemical shifts of PhP(dfcp)2 and 
Ph(tfp)P(dfcp) are -50 and -51 ppm respectively; however, there are no 
signals observed around δ -50 ppm in the 31P{1H} NMR spectrum of the 
brown oil. Indeed, the multi-nuclear NMR data suggests that only one of the 
groups attached to the phosphorus centre contains fluorine. 
It appears as though one of the tfp groups has been replaced, perhaps via 
substitution by a tert-butyl group. Grim’s Law predicts that PhtBuP(dfcp) will 
have a chemical shift of δ -1 ppm, which is in good agreement with the 
observed value (δ -1.6 ppm). This compound will also be P-chiral, which 
would account for the signals observed in the 19F NMR spectrum. Based on 
these data, the signal observed at δ -1.6 ppm in the 31P{1H} NMR spectrum 
is PhtBuP(dfcp), 8.  
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The quartet observed at δ -6.0 ppm in the 31P{1H} NMR spectrum of the 
brown oil has a JPF coupling constant of 54.4 Hz, which is shared with the 
doublet observed at δ -54.2 ppm in the 19F NMR spectrum.  
The multiplicity of the 31P{1H} NMR signal and the chemical shift observed in 
the 19F NMR spectrum suggest that the coupling is between the phosphorus 
centre and a single CF3 group – this corresponds to a species where no 
cyclisation has taken place, and also that (as in 8 above), only one fluorine-
containing is group attached to the phosphorus centre. However, the 
magnitude of the coupling is markedly larger than that expected for a tfp-
containing phosphine, for example in the starting phosphine 7, the 
phosphorus–fluorine coupling is 6.0 Hz. This value of 54.4 Hz is similar to 
coupling constants observed within the Brisdon group in systems where a CF3 
group is cis to a phosphorus centre across a double bond. For comparison, in 
(E)-PPh2(CF=CFCF3) and (E)-PPh(CF=CFCF3)2 the 
4JPF coupling constants are 
58.3 and 58.9 Hz respectively,186 whereas in the trans compounds (Z)-
PPh2(CF=CFCF3) and (Z)-P
iPr2(CF=CFCF3) the coupling constants are 1.8 Hz 
and 1.7 Hz respectively.187 Grim’s Law predicts a phosphorus chemical shift 
of δ -2 ppm for (E)-PPh2(CF=CFCF3), so based on this and the above data, 
the signal observed at δ -6.0 ppm is assigned as (Z)-PPh2(CH=C(
tBu)CF3), 9. 
The remaining signal in the 31P{1H} NMR spectrum, the quartet observed at δ 
−14.4 ppm, shares a coupling constant of 6.5 Hz with the doublet occurring 
at δ -50.2 ppm in the 19F NMR spectrum. This is consistent with those 
observed in tfp-containing phosphines (e.g. 7, 4JPF = 6.0 Hz, and Ph2P(tfp), 
4JPF = 6.0 Hz) as is the 
19F chemical shift (cf. 7, δ -51.9 ppm, see above). 
Taken together this suggests the presence of an uncyclised tfp group, but as 
in the other species identified in this mixture, only one such fluorinated 
fragment is present. The substitution of one tfp group of PhP(tfp)2 would lead 
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to the formation of PhtBuP(tfp), which Grim’s Law predicts would have a 31P 
chemical shift of δ -12 ppm. Based on the above data the signal observed at 
δ -14.4 ppm in the 31P{1H} NMR spectrum is assigned as PhtBuP(tfp), 10. 
31P{1H}/ppm 
(multiplicity) 
19F/ppm 
(multiplicity) 
J/Hz Compound 
-1.6 (dd) -99.1 (dd) 
-101.9 (dd) 
122, 14.6 
122, 4.9 
PhtBuP(dfcp), 8 
-6.0 (q) -54.2 (d) 54.4 (Z)-PPh2P(CH=C(
tBu)CF3), 9 
-14.4 (q) -50.2 (d) 6.5 PhtBuP(tfp), 10 
Table 2.1: Summary of the compounds produced in the reaction shown in 
Scheme 2.7. 
It appears that the tert-butyl group has attacked the phosphorus centre 
resulting in the replacement of one of the fluorinated groups. This attack at 
the phosphorus centre has not been observed by previous members of the 
group who have synthesised and derivatised tfp-containing phosphines. So 
as to ascertain whether the attack occurs preferentially at the β-carbon or at 
the phosphorus centre, the reaction was repeated with 1.1 equivalents of 
tert-butyl lithium at -80°C. This resulted in the isolation of a brown oil after 
work-up. The 31P{1H} NMR spectrum of this brown oil shows two signals at δ 
-5.9 ppm and -14.4 ppm; both are observed as binomial quartets. For these 
signals the chemical shifts agree with those ascribed to compounds 9, (Z)-
tBuPhP(CH=C(tBu)CF3) and 10, 
tBuPhP(tfp) respectively. Integration 
suggests that 10 accounts for almost 90% of the mixture, which suggests 
that the nucleophilic attack of the tert-butyl group at the phosphorus centre 
occurs preferentially.  
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Figure 2.12: 31P{1H} NMR spectrum following the reaction between 1.1 
equiv. tBuLi and 11. 
Both the 19F and 1H NMR spectra confirm this distribution of products and the 
absence of any other by-products. 
 
Scheme 2.7: Reaction of 11 with tBuLi. 
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2.5 Coordination Chemistry of Unsaturated Fluoro-organo 
Phosphines 
2.5.1 Group 10 Complexes of Cy2P(CF=CF2) 
The square-planar palladium and platinum complexes of 3, 
[MCl2{PCy2(CF=CF2)}2] (M = Pd, 11, Pt, 12) have been previously 
synthesised188 but no structural data was reported for either compound. Both 
complexes were synthesised from two equivalents of 3 and K2[MCl4] (M = 
Pd, Pt) (Scheme 2.8).  
 
Scheme 2.8: Formation of Group 10 complexes of 3. 
The 31P{1H} NMR spectrum of 11 contains a resonance at δ 24.1 ppm, a 
“virtual triplet”, with ½|2JPF + 
4JPF| = 15.0 Hz. The 
19F NMR spectrum is 
consistent with the presence of a perfluorovinyl group, though shifted slightly 
compared to 3. 
The 31P{1H} NMR spectrum of the product from the reaction with M = Pt 
contains a resonance at δ 19.8 ppm (Figure 2.13). The signal is observed as 
a “virtual triplet” with 195Pt satellites (I = ½, 33%, 1JPtP = 2654 Hz), with 
½|2JPF + 
4JPF| = 16 Hz. The magnitude of the coupling constant and the 
appearance of the signal suggest that the trans-isomer of 
[PtCl2{PCy2(CF=CF2)}2] has been formed. The 
19F NMR spectrum contains 
three signals, as expected for a perfluorovinyl group, slightly shifted relative 
to 3, as observed in 11. 
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Figure 2.13: Expansion of the signal observed at δ 19.8 ppm in the 31P{1H} 
NMR spectrum of 12. 
Crystals suitable for analysis by X-ray diffraction studies were grown from a 
layered solution of dichloromethane and diethyl ether. Crystallographic data 
for these complexes is shown in Table 7.1. 
A comparison of the unit cell data (shown in Table 7.1), and the molecular 
structures shown in Figure 2.14 and Figure 2.15 shows that the two 
complexes are isomorphous. Both 11 and 12 crystallise in the P1¯ space 
group, have the same cell dimensions, contain two molecules in the 
asymmetric unit and a centre of inversion at the metal centres (Figure 2.14 
for M = Pd, Figure 2.15 for M = Pt). 
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Figure 2.14: ORTEP representation of the molecular structure of 11 (Only 
one molecule shown and hydrogen atoms omitted for clarity). Thermal 
ellipsoids are shown at 30%. 
 
Figure 2.15 : ORTEP representation of the molecular structure of 12 
(Hydrogen atoms omitted and only one of the molecules shown for clarity). 
Thermal ellipsoids are shown at 30%. 
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The geometry of both molecules is shown to be trans-square planar, in 
agreement with the solution-phase NMR data, and selected bond lengths and 
angles are given in Table 2.2. 
Bond 11 (Å) 12 (Å) Angle 11 (°) 12 (°) 
M–P 2.332(2) 
2.317(2) 
2.2985(19) 
2.3092(16) 
M–P–Cvin 113.5(3) 
114.0(4) 
113.8(3) 
114.8(3) 
M–Cl 2.291(2) 
2.300(3) 
2.310(2) 
2.3020(17) 
M–P–Ccyc 111.0(3) 
118.7(3) 
115.2(3) 
110.1(4) 
118.8(2) 
116.4(3) 
112.1(3) 
111.1(3) 
P–Cvin 1.807(11) 
1.810(12) 
1.821(9) 
1.824(10) 
Cvin–P–Ccyc 102.5(5) 
103.5(5) 
105.4(6) 
102.6(6) 
103.4(4) 
105.2(5) 
101.6(4) 
101.8(5) 
P–Ccyc 1.830(11) 
1.840(9) 
1.872(10) 
1.838(12) 
1.845(8) 
1.844(10) 
1.836(10) 
1.821(10) 
Ccyc–P–Ccyc 106.2(4) 
108.7(5) 
105.3(4) 
106.2(4) 
C=C 1.29(2) 
1.291(19) 
1.308(17) 
1.282(16) 
C–Fgem 1.390(12) 
1.408(15) 
1.363(11) 
1.384(13) 
C–Fcis 1.294(16) 
1.26(2) 
1.288(12) 
1.277(15) 
C–Ftrans 1.330(16) 
1.353(17) 
1.329(12) 
1.365(14) 
Table 2.2: Selected bond lengths and angles in 11 and 12. 
The M–P and M–Cl bond lengths are comparable to those found in related 
systems (e.g. [PdCl2{P
iPr2(CF=CF2)}2] in which Pd–P = 2.3158(15) Å, Pd–Cl 
= 2.2856(16) Å, and trans-[PtCl2{P
iPr2(CF=CF2)}2], Pt–P = 2.290(3) Å and 
Pt–Cl = 2.292(3) Å). In the palladium complex the C–Fgem is the longest C–F 
bond, whereas in the platinum complex the C–Fgem and C–Ftrans bonds are the 
same length, within experimental error. In both complexes the C–Fcis bond is 
the shortest C–F bond.  
The cis-fluorine atoms of each fluorovinyl group make a short contact to the 
metal centre in both complexes (Pd–Fcis = 3.459(8) and 3.493(8) Å, Pt–Fcis = 
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3.470(7) and 3.492(7) Å, all of which are less than the sum of the van der 
Waals’ radii of 3.77 Å), resulting in each metal centre having a pseudo-
octahedral geometry (see Figure 2.16). 
 
Figure 2.16: ORTEP representation of 12 showing the interaction between 
the cis-fluorine atoms and the metal centre. 
From the data obtained for these two complexes the cone angle of 3 can be 
estimated, and the average of the four values is 169° with similar values for 
both the palladium and platinum complexes (168° and 170° in 11, 168° and 
170° in 12). The gold(I) chloride complex of 3 has been synthesised and 
characterised via X-ray diffraction studies, resulting in the estimation of a 
cone angle of 173°.188 These values for the cone angle suggest that the 
ligand occupies less space in the platinum complex, presumably due to either 
crystal packing effects or because of the different metal coordination 
numbers. In any event, based on these data, 3 is the largest perfluorovinyl-
containing phosphine to date. 
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The trans-square planar platinum dichloride complex of 5-(Z), trans-
[PtCl2{PPh2(CF=CF
tBu)}2], has been previously synthesised,
189 and found to 
have a cone angle of 165°, making it slightly larger than the parent 
perfluorovinyl phosphine, Ph2P(CF=CF2) (cone angle = 163°, average of four 
values).170 
Phosphine Cone Angle (°) 
PPh3 138 
Et2P(CF=CF2) 152 
PhP(CF=CF2)2 161 
Ph2P(CF=CF2) 163 
iPr2P(CF=CF2) 165 
Z-Ph2P(CF=CF
tBu), 5-(Z) 165 
Cy2P(CF=CF2), 3 170 
Table 2.3: Average cone angle for selection of phosphorus(III) compounds. 
2.5.2 [Mo(CO)5L] (L = phosphine) 
In order to obtain more data regarding the electronic parameter of these 
ligands, the molybdenum pentacarbonyl phosphine complexes were 
synthesised (Scheme 2.9). The complexes were isolated as dark green liquid 
products after column chromatography. 
 
Scheme 2.9: Synthesis of [Mo(CO)5L] complexes. 
In the case of 3 the 31P{1H} NMR spectrum of the resulting green oil contains 
a single resonance, at δ 44.0 ppm, shifted +60.3 ppm relative to the starting 
phosphine 3. The resonance is observed as a doublet of doublets (2JPF = 39 
Hz, 3JPFtrans = 4.6 Hz). There is no observable coupling between the 
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phosphorus centre and the cis-fluorine atom, unlike in 3. The 19F NMR 
spectrum contains the three signals characteristic of the perfluorovinyl 
moiety, at δ -82.1, -101.2, and -168.9 ppm, all of which are shifted slightly 
to higher frequency compared with 3, consistent with that expected on 
complex formation. 
 
Figure 2.17: 31P{1H} NMR spectrum of [Mo(CO)5{PCy2(CF=F2)}], 13. 
When L = PhP(tfp)2, the 
31P{1H} NMR spectrum of the complex contains a 
single resonance at δ -13.6 ppm; ∆δ of +53.8 ppm compared to the 
uncoordinated phosphine. This is comparable with the only other 
molybdenum complex of a tfp-containing phosphine, [Mo(CO)5{P
tBu(tfp)2}], 
the 31P{1H} NMR signal of which occurs at δ 18.7 ppm, a ∆δ of +60.5 ppm 
relative to the free ligand, and is also very similar to the ∆δ observed 
between 3 and 13. The 31P{1H} NMR signal of 14 is observed as a singlet (as 
observed for [Mo(CO)5{P
tBu(tfp)2}]).
186 
As discussed in Section 1.2, the infra-red stretching frequency of 
molybdenum pentacarbonyl phosphine complexes is one of the measures of 
the electronic properties of phosphorus(III) compounds. The [Mo(CO)5L] (L = 
phosphine) complexes have C4v symmetry, therefore three symmetry allowed 
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carbonyl absorptions in the infra-red region are expected, of which two are 
non-degenerate and the other doubly degenerate. These are the A1
1, A1
2, 
and E modes respectively. The infra-red spectra of 13 and 14 display peaks 
consistent with these expectations. The broadest, most intense peaks at 
around 1900 cm-1 is assigned to the E mode, in accordance with related 
systems.33,36 Consequently, the two remaining modes are assigned to the 
sharper, weaker absorptions. The higher frequency A1
1 mode is normally 
taken as the measure of the electronic properties of the ligand, and for 
[Mo(CO)5{PCy2(CF=CF2)}] this is observed at 2073 cm
-1; the corresponding 
absorption for [Mo(CO)5{PPh(tfp)2}] is observed at 2081 cm
-1. The 
molybdenum pentacarbonyl complex of 5-(Z) has been synthesised 
previously, and the higher frequency A1
1 mode was observed at 2074 cm-1.189 
L v/cm-1 Ref 
PPh3 2072 
190 
Cy2P(CF=CF2), 3 2073 This work 
Ph2P(CF=CF
tBu), 5-(Z) 2074 189 
Ph2P(CF=CF2) 2076 
36 
tBuP(tfp)2 2079 
186 
PhP(tfp)2, 7 2081 This work 
PhP(CF=CF2)2 2084 
36 
PF3 2104 
190 
Table 2.4: Selection of A1 CO stretching frequencies in [Mo(CO)5L] 
complexes. 
A comparison of the electronic properties of compound 3 with similar 
systems suggests that 3 appears to be less electron-withdrawing than 
Ph2P(CF=CF2), as expected based on the comparative inductive effects of 
cyclohexyl and phenyl rings. 
The data obtained for 5-(Z) suggests that the substitution of the trans-
fluorine atom makes the phosphine less electron withdrawing, in agreement 
with the observations made based on the 1JPSe coupling constant. 
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These data suggest that 7 is less electron rich than tBuP(tfp)2, as expected 
based on the inductive effect of a Ph group vs. a tBu moiety. Also, the tfp 
unit appears to confer less electron-withdrawing effect to the phosphorus 
centre than the perfluorovinyl unit. However, as currently no other sources of 
stereoelectronic data are available for tfp-containing phosphines, these 
conclusions should be considered as being preliminary in nature. 
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3. Saturated Fluoro-organo Containing Phosphines 
Though fluorovinyl-containing phosphines have a reasonable electron-
withdrawing effect, and it is possible to modify their steric demand, it would 
be preferable to have access to more sterically demanding systems. One 
manner in which this could be achieved is via the synthesis of fluoroalkyl 
phosphines. The report by Clarke et al.103 in 2003 that Ph2PCF2Br could be 
prepared by the reaction of Ph2PSiMe3 with CF2Br2 (Scheme 3.1) led us to 
investigate the potential of this chemistry for introducing perfluoroalkyl 
substituents into phosphorus(III) systems. 
 
Scheme 3.1: Reaction between CF2Br2 and Ph2PSiMe3 reported by Clarke et 
al.103 
The reaction between Ph2PSiMe3 and (CF3)2CFI was selected to test whether 
a new, more versatile synthetic route to fluoroalkyl-substituted phosphines 
was possible based on the reaction of silyl phosphines and perfluoroalkyl 
iodides. This was chosen because it has been shown that Ph2PLi reacts with 
(CF3)2CFI to yield Ph2PCF(CF3)2 and LiI,
137 and also because both materials 
are commercially readily available. 
3.1 Ph2PCF(CF3)2 (15) 
Ph2PSiMe3 was dissolved in CDCl3 in an NMR tube, an equimolar quantity of 
(CF3)2CFI was added, and the reaction monitored via 
31P{1H} and 19F NMR 
spectroscopy. 
 
Scheme 3.2: Reaction of (CF3)2CFI with Ph2PSiMe3. 
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The resulting 31P{1H} NMR spectrum (Figure 3.1) shows no signal 
corresponding to Ph2PSiMe3 (lit: δ –56.4 ppm);
191 instead, a single resonance 
at δ -0.8 ppm is observed. This signal is an overlapping doublet of septets, 
as would be expected for coupling to a perfluoroisopropyl group, such as in 
15. As a result, the coupling constants are assigned as 2JPF = 74.0 Hz and 
3JPF = 18.0 Hz.  
 
Figure 3.1: 31P{1H} NMR spectrum of the reaction between Ph2PSiMe3 and 
(CF3)2CFI. Inset: Expansion of the signal observed at δ -0.8 ppm. 
The 19F NMR spectrum no longer contains the two signals corresponding to 
(CF3)2CFI, a doublet at δ -74.9 ppm (lit. δ -75.0 ppm)
192 and a septet at δ -
148.8 ppm (lit. δ –148.9 ppm);193 instead two resonances are observed at δ 
-69.6 and -184.9 ppm (Figure 3.2). The signal at δ -69.6 ppm is a doublet of 
doublets, with coupling constants of 18.0 and 11.9 Hz, accounts for six 
fluorine atoms, and is therefore assigned to the fluorine nuclei of the two CF3 
groups. The signal at δ -184.9 ppm is a doublet of septets, with a doublet 
(2JPF) coupling of 74.0 Hz, a septet (
3JFF) coupling of 11.0 Hz, and is assigned 
to the unique fluorine nucleus on the α-carbon on the basis of its chemical 
shift and large P–F coupling constant.  
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Figure 3.2: 19F NMR spectrum of the reaction between Ph2PSiMe3 and 
(CF3)2CFI. Inset: Expansion of the signal observed at δ -184.9 ppm, assigned 
to the unique fluorine on the α-carbon atom of the CF(CF3)2 group. 
The 1H NMR spectrum contains two complex multiplets in the aromatic region 
of the spectrum, at δ 7.24–7.45 and 7.65–7.85 ppm, consistent with the 
presence of phenyl rings, and also shows the presence of MeSiI (lit: δ 0.8 
ppm).194 Taken together the spectroscopic data clearly indicates that 
Ph2PCF(CF3)2, 15, has been formed, and agrees with the data for this 
compound published subsequently by Caffyn et al. (31P{1H} NMR(C6D6): δ 
0.65 ppm, 19F NMR(C6D6): δ -69.8, -185.0 ppm).
195 
3.2 Extension to Other RfI Species 
Given the success of this preliminary experiment, a number of other RfI 
species were reacted in a similar manner, the results of which are 
summarised in Table 3.1, and subsequently discussed. 
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RfI Product 
31P{1H} NMR (δ/ppm) 
(CF3)2CFI Ph2PCF(CF3)2, 15 -0.8 
CF3I Ph2PCF3, 16 2.5 
C2F5I Ph2PC2F5, 17 -1.9 
sC4F9I Ph2P(
sC4F9), 18 3.6 
cyc-C6F11I Ph2P(cyc-C6F11), 19 -3.1 
tC4F9I Ph2P(
tC4F9), 20 15.2 
nC8F17I Ph2P(
nC8F17), 21 1.0 
(1-CF3)-cyc-C5F8I Ph2P(pfmcp), 22 -16.1 
CF2=CFI No reaction n/a 
C6F5I No reaction n/a 
Table 3.1: Summary of Ph2PRf compounds (and their 
31P NMR chemical 
shifts) synthesised via reaction of Ph2PSiMe3 and corresponding RfI. 
With the exception of compounds 16 and 17 which have been reported 
previously, though prepared via different routes, six new phosphines have 
been synthesised, and compounds 18, 19, 20 and 22 are the first examples 
of phosphines bearing these particular fluoroalkyl groups. It is noteworthy 
that the reaction with pentafluorophenyl iodide with Ph2PSiMe3 does not 
result in the formation of Ph2PC6F5. Similarly, the reaction of CF2=CFI with 
Ph2PSiMe3 does not yield diphenyl perfluorovinyl phosphine, Ph2P(CF=CF2). 
The data obtained for compounds 16 and 17 shows good agreement with 
literature values. Compound 16 gives the expected quartet in the 31P[1H] 
NMR spectrum at δ 2.5 ppm with a coupling constant of 73.8 Hz (lit: δ 1.7 
ppm, 2JPF = 74.0 Hz),
107 and compound 17 exhibits a doublet of quartets at δ 
-1.9 ppm in 31P{1H} NMR spectrum with coupling constants of 56.8 and 16.9 
Hz (lit: δ -1.4 ppm, J = 58.0, 17.0 Hz).99 Owing to these compounds being 
previously reported they will not be discussed further. 
3.2.1 Ph2P (sC4F9) (18) 
The addition of a stoichiometric amount of sC4F9I to Ph2PSiMe3 resulted in the 
evolution of heat and a deepening of the yellow colour of the solution.  
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Scheme 3.3: Reaction of sC4F9I with Ph2PSiMe3. 
The labelling scheme depicted in Figure 3.3 will be used for 18 (and its 
derivatives, see later). 
 
Figure 3.3: Labelling diagram of Ph2P(
sC4F9). 
In a similar way to the reaction between Ph2PSiMe3 and (CF3)2CFI, the 
31P{1H} NMR spectrum recorded immediately following the addition of sec-
C4F9I no longer showed a signal corresponding to Ph2PSiMe3, instead a 
complex multiplet centred at δ 3.6 ppm (Figure 3.4) was observed.  
 
Figure 3.4: Expansion and simulation (top) of the signal observed at δ 3.6 
ppm in the 31P{1H} NMR spectrum of 18. 
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The signal shown in Figure 3.4 was modelled using the program SpinWorks200 
as an overlapping doublet of quartets of doublets of doublets of quartets (in 
order of decreasing coupling constant, which are displayed in Table 3.2). The 
simulated spectrum clearly agrees well with that observed experimentally. 
The 19F NMR spectrum of 18 contains five complex signals, centred at δ -
67.6, -79.8, -110.5, -114.3 and -183.3 ppm (Figure 3.5–Figure 3.8), with 
relative intensities of 3:3:1:1:1, and were also simulated using SpinWorks.196 
The signal shown in Figure 3.5 appears in the region of the spectrum 
commonly associated with CF3 groups, and corresponds to an overlapping 
doublet of doublet of doublet of quartets of doublets. It is therefore assigned 
to Fa. 
 
Figure 3.5: Expansion of signal at δ -67.6 ppm in the 19F NMR spectrum of 
18, assigned to Fa (top spectrum is simulated spectrum). 
The signal shown in Figure 3.6 also corresponds to a CF3 moiety (based on 
its chemical shift and integration), and is observed as a doublet of doublet of 
quartets (the remaining doublet are too small to be resolved, but have been 
determined from the simulated spectra, and these are listed in Table 3.2). 
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Figure 3.6: Expansion of signal at δ -79.8 ppm in the 19F NMR spectrum of 
18, assigned as Fe (top spectrum is simulated spectrum). 
The signals at δ -110.5 and -114.3 ppm (Figure 3.7) have a large mutual 
doublet coupling of 295 Hz, indicative of a vicinal fluorine-fluorine (2JFF)
 
interaction. This can only arise if the fluorine atoms are chemically 
inequivalent, and in this compound the α-carbon is chiral – thus Fc and Fd are 
diastereotopic, and consequently chemically inequivalent. The signals also 
show slight second order effects, as the chemical shift difference between the 
signals is less than five times the coupling constant (~1450 vs 295 Hz). 
 
Figure 3.7: Expansion of signals for Fc and Fd in the 
19F NMR spectrum of 18, 
displaying second order effects (top spectrum is the simulated spectrum). 
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The signal at δ -110.4 is a doublet of doublet of doublet of quartets, whereas 
the signal occurring at δ -114.3 ppm is a doublet of doublet of quartet of 
doublets. Both signals show coupling to the phosphorus centre, though the 
P–F coupling constant found in the signal at δ -110.4 ppm is ~33% larger 
than in the signal at δ -114.3 ppm (44.6 vs. 33.2 Hz), listed in Table 3.2.  
 
Figure 3.8: Expansion of signal observed at δ -183.3 ppm in the 31P[1H] NMR 
spectrum of 18 assigned to Fb (top spectrum is simulated spectrum). 
The final signal in the 19F NMR spectrum of 18 occurs at δ -183.3 ppm; it is a 
doublet of quartet of doublet of quartet of doublets (Figure 3.8), and arises 
from Fb. 
 Fe Fd Fc Fb Fa 
P 11.5 33.7 44.6 78.8 16.9 
Fa 8.6 12.3 5.7 12.1 
Fb 12.0 12.0 11.9 
Fc 0.6 295.6 
Fd 0.1 
 
Table 3.2: Summary of coupling constants found in 18 (calculated from the 
simulated spectrum). 
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The 1H NMR spectrum contains two complex multiplets, both in the aromatic 
region of the spectrum, at δ 7.22-7.34 and 7.69-7.79 ppm, confirming the 
presence of the aromatic groups attached to phosphorus. 
The 13C{1H} NMR spectrum of this compound is complicated. In the aromatic 
region of the spectrum there are eight peaks, instead of the expected four. 
These eight peaks suggest that the two phenyl rings are inequivalent, and as 
18 possesses a chiral centre at the α-carbon, the phenyl rings are 
diastereotopic, meaning that they will be chemically inequivalent, and 
therefore giving rise to separate sets of peaks in the 13C{1H} NMR spectrum. 
3.2.2 Ph2P(cyc-C6F11) (19) 
The addition of cyc-C6F11I to a solution of Ph2PSiMe3 in CDCl3 at room 
temperature resulted in the evolution of heat and a change of the solution to 
a yellow colour (cf. Section 4.3). 
 
Scheme 3.4: Reaction of cyc-C6F11I with Ph2PSiMe3. 
The labelling scheme depicted in Figure 3.9 will be used for 19. 
 
Figure 3.9: Labelling diagram for Ph2P(cyc-C6F11), 19. 
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The 31P{1H} NMR spectrum of 19 exhibits a resonance at δ -3.1 ppm, and is 
interpreted as a binomial triplet of doublets (see Figure 3.10). 
 
Figure 3.10: Expansion of the signal observed at δ -3.1 ppm in the 31P{1H} 
NMR spectrum of 19. 
Given that the diphenylphosphino- moiety is sterically much more demanding 
than a fluorine atom, it is expected that the –PPh2 group will occupy an 
equatorial position on the perfluorocyclohexyl ring. The phosphorus nucleus 
couples to the vicinal fluorine atom giving rise to a doublet based pattern 
with a similar magnitude (2JPF = 68.0 Hz) to that observed for compounds 15 
and 18. The triplet coupling arises from the interaction of the phosphorus 
atom with both F2e nuclei, due to their small dihedral angle resulting in a 
relatively large (3JPF = 84.0 Hz) coupling constant. There does not appear to 
be any measurable coupling between the phosphorus atom and the F2a 
nuclei. 
The 19F NMR spectrum of compound 19 displays seven resonances similar in 
appearance to the resonances observed for cyc-C6F11I and therefore assigned 
in a similar way at δ -110.5 (2F, F2e), -122.6 (2F, F3a), -124.4 (1F, F4a), -
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124.5 (2F, F2a), -138.2 (2F, F3e), -142.0 (1F, F4e), and -185.8 (1F, F1) ppm 
(Figure 3.11).  
 
Figure 3.11: 19F NMR spectrum of 19. Inset: Expansion of signal occurring at 
δ -185.8 ppm. 
The signals at δ -110.5 and -185.8 ppm also display additional doublet 
couplings of 84 and 67 Hz respectively. The signal at δ -185.8 ppm is 
assigned as F1, based on its chemical shift and the mutual coupling constant 
shared with the 31P{1H} NMR spectrum. The signal at δ -110.5 ppm is 
assigned as F2e, on the assumption that P-F coupling constants follow the 
Karplus relationship. The geminal coupling constants are all different, 
therefore the signal at δ -124.5 ppm is assigned as F2a (as this signal shares 
a 2JFF coupling constant of 298.6 Hz with F2e). The signals at δ -124.4 and -
142.0 ppm only correspond to a single fluorine nucleus in each case, and 
they are therefore assigned as F4e  and F4a respectively, leaving the signals at 
δ -122.6 and δ -138.2 ppm which are assigned as F3e and F3a respectively 
(the axial/equatorial assignments are made in accordance with related 
systems).197,198 
The 1H NMR spectrum, as observed for 15 and 18, contains two multiplets in 
the aromatic region of the spectrum, at δ 7.24–7.28 and 7.56–7.62 ppm, 
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consistent with the presence of the phenyl rings. The 13C{1H} NMR spectrum 
also confirms the presence of the aromatic groups, with three doublets 
centred at δ 128.8 (3JPC = 6.6 Hz, meta), 134.0 (
1JPC = 22.5 Hz, ipso) and 
136.1 ppm (2JPC = 27.6 Hz, ortho) and a singlet at 130.4 ppm (para). The 
spectrum also contains some extremely complex multiplets between δ 104.0 
and 111.0 ppm, as would be expected for a perfluorocyclohexyl group. 
These data unequivocally show that 19 has been successfully synthesised, 
and is the first example of a phosphine containing a perfluorocyclohexyl 
group. 
3.2.3 Ph2P(tC4F9) (20) 
The addition of tC4F9I to a CDCl3 solution of Ph2PSiMe3 in a similar way to 
those described above results in the evolution of heat, and results in a 
31P{1H} NMR spectrum that contains a number of unidentifiable species. 
However, conducting the addition of perfluorotertiarybutyl iodide at low (-
30°C) temperature results in a more controllable reaction accompanied by a 
change in colour of the solution from pale yellow to a slightly darker yellow.  
 
Scheme 3.5: Reaction of tC4F9I with Ph2PSiMe3. 
The 31P{1H} NMR spectrum of this solution is less complex than that of the 
perfluorosecondary butyl derivative. The spectrum displays a resonance at δ 
15.2 ppm; it is observed as a binomial dectet (see Figure 3.12; however, the 
two outside lines are almost indistinguishable above the noise) with 3JPF = 
12.3 Hz. 
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Figure 3.12: Expansion of signal observed at δ 15.2 ppm in the 31P{1H} NMR 
spectrum of the reaction between Ph2PSiMe3 and 
tC4F9I 
The 19F NMR spectrum is also much simpler than that of the 
perfluorosecondary butyl variant 18, displaying a doublet at δ -59.9 ppm, 
with 3JPF = 12.3 Hz. 
The 1H NMR spectrum confirms the loss of the Me3Si group, by the presence 
of a singlet at δ 0.81 ppm, with 29Si satellites, corresponding to Me3SiI, and 
the presence of the aromatic groups with a multiplet observed at δ 7.4–7.7 
ppm. 
These spectra are consistent with that expected for 20 (in terms of chemical 
shifts, multiplicities and magnitude of the coupling constant), and is the first 
example of a perfluorotertiarybutyl-containing phosphine. 
3.2.4 Ph2P(nC8F17) (21) 
Long-chain perfluoro-organo containing compounds have in recent years 
been of research interest owing to the development of Fluorous Biphase 
Catalysis.199-203 Several phosphorus based ligands suitable for Fluorous 
Biphase Catalysis have been previously synthesised – based on long 
fluoroalkyl chains which are usually electronically insulated (typically by –
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CH2CH2– or –C6H4– fragments) to protect the phosphorus centre from the 
electron withdrawing effect of the fluoro-organo fragment.199,200 
Therefore, it may be of interest to synthesise phosphorus ligands bearing 
long-chain perfluorocarbon fragments, as these may have some potential 
utility in Fluorous Biphase applications but with electronic properties that 
differ from the usual fluorous ligands. 
The addition of nC8F17I to a CDCl3 solution of Ph2PSiMe3 in an NMR tube 
resulted in a slight colour change of the solution over a period of three 
weeks. 
 
Scheme 3.6: Reaction of Ph2PSiMe3 and 
nC8F17I. 
The 31P{1H} NMR spectrum (Figure 3.13) of this reaction mixture contains a 
signal at δ 1.0 ppm which is interpreted as an overlapping binomial triplet of 
triplets of triplets (2JPF = 56.2 Hz, 
3JPF = 33.4 Hz, 
4JPF = 11.5 Hz). 
 
Figure 3.13: Expansion of signal observed at δ 1.0 ppm in the 31P{1H} NMR 
spectrum of the reaction of Ph2PSiMe3 and 
nC8F17I. 
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The 19F NMR spectrum of this compound displays seven resonances, six of 
which are observed in the region that would be expected for CF2 groups, and 
the remaining signal is observed at δ -81.1 ppm, and accounts for three 
fluorine nuclei, and so is assigned as the CF3 group. The signal at δ -108.9 
ppm is a complex doublet based pattern (2JPF = 56.1 Hz), and is therefore 
assigned as the CF2 directly attached to the phosphorus centre. The 
remaining five signals account for the other twelve fluorine atoms; they are 
all complex multiplets. The 1H NMR spectrum displays a complex multiplet at 
δ 7.4–7.7 ppm, confirming the presence of the aromatic moieties.  
Taken together the multinuclear NMR data confirms the formation of the 
desired compound, Ph2P
nC8F17, 21. 
3.2.5 Ph2P(pfmcp) (pfmcp = perfluoromethylcyclopentyl) (22) 
The addition of one equivalent of perfluoro-1-iodo-1-methylcyclopentane to a 
CDCl3 solution of Ph2PSiMe3 (Scheme 3.7) results in a colour change of the 
solution to yellow, and the evolution of a moderate amount of heat. 
 
Scheme 3.7: Reaction of Ph2PSiMe3 with (pfmcp)I. 
The 31P{1H} NMR spectrum of the product of this reaction displays a single 
complex resonance at δ -16.1 ppm; it is a quartet of triplets of triplets (see 
Figure 3.14; 3JPF = 39.0 Hz, 
3JPF = 11.8 Hz, 
3JPF = 4.2 Hz). 
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Figure 3.14: Expansion of the signal occurring at δ -16.1 ppm in the 31P{1H} 
NMR spectrum of the reaction between Ph2PSiMe3 with perfluoro-1-iodo-1-
methylcyclopentane. 
The observed pattern in Figure 3.14 can be explained by the phosphorus 
nuclei coupling to a CF3 unit, and two equivalent pairs of fluorine atoms (that 
is, coupling to the fluorine nuclei circled in orange, red, and blue in Figure 
3.15), as would be expected in the desired compound.  
 
Figure 3.15: Representation of expected environments in 22. 
The 19F NMR spectrum of Ph2P(pfmcp) is complex. The spectrum displays 
resonances at δ -59.6, -106.0, -111.6, and -132.1 ppm (see Figure 3.16), 
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and a further signal at δ -157.6; this last resonance is a dectet (J = 7.5 Hz) 
with 29Si satellites (4.7%, I = ½, J = 274.5 Hz) indicating the presence of 
Me3SiF in the reaction mixture (see Section 3.7 for further discussion of the 
mechanism of this reaction). 
 
Figure 3.16: 19F NMR spectrum after the reaction between Ph2PSiMe3 and 
perfluoro-1-iodo-1-methylcyclopentane. 
The signal observed at δ -59.6 ppm (see Figure 3.17) appears to be a 
doublet of septets, with the doublet coupling of 39.0 Hz, shared with the 
quartet resonance in the 31P{1H} NMR spectrum. On the basis of these data, 
the signal at δ -59.6 ppm is assigned to the CF3 group. The apparent septet 
is, however, not binomial, with relative intensities of 1:2:3:4:3:2:1. The 
couplings that give rise to this splitting pattern are unclear. 
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Figure 3.17: Expansion of the resonance observed at δ -59.6 ppm in the 19F 
NMR spectrum of 22 showing relative intensities of the multiplet. 
The signals at δ -106.0 and -111.6 ppm are both complex multiplets (see 
Figure 3.18), and as such cannot be assigned with absolute certainty. 
 
Figure 3.18: Expansion of the signals occurring at δ -106.0 ppm (left) and δ -
111.6 ppm (right) in the 19F NMR spectrum of 22. 
The remaining signal at δ -132.1 ppm (see Figure 3.19) appears to be a 
binomial pentet, though slightly broadened, with an apparent coupling of 4.4 
Hz.  
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Figure 3.19: Expansion of signal occurring at δ -132.1 ppm in the 19F NMR 
spectrum of 22. 
From the data obtained via the 31P{1H} NMR spectrum, it appears that there 
are three distinct fluorine environments which couple to the phosphorus 
centre – the CF3 group, and the four fluorine atoms on the β-carbons. This 
would suggest that the remaining signal in the 19F NMR spectrum should be 
equivalent to the remaining four fluorine nuclei present in the molecule.  
It might be anticipated that the pfmcp group should contain five distinct 
resonances, from the five different environments shown in Figure 3.15. 
However, the 19F NMR spectrum (Figure 3.17) shows only four signals. 
Further, the integrals of the signals do not fit with those expected. If the 
resonance assigned to the CF3 group is calibrated as three, the remaining 
three signals each integrate to 2.7 fluorine nuclei – thus accounting for the 
remaining eight fluorine nuclei.  
Cyclopentane is known to exist in a number of conformations, which are of 
similar energy,204 with the two extremes being known as the envelope and 
the half-chair  (see Figure 3.20). 
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Figure 3.20: The two "extreme" conformations of cyclopentane. 
It has been determined that in solution cyclopentane changes between these 
forms, in what is known as a pseudorotation circuit.205 This pseudorotation 
circuit consists of twenty distinctly different conformations. Adding 
substituents to the ring can alter this pseudorotation circuit, as it would be 
expected to cause changes in the energy required to obtain particular 
conformations,206 but the compound will still exist in several different, yet 
similar (at least energetically) states. 
It is expected that the –PPh2 moiety will occupy the equatorial position 
preferentially (although strictly speaking the positions of the substituents are 
only approximately comparable to those of cyclohexanes, the terms axial and 
equatorial being applied for simplicity),204 owing to it being sterically more 
demanding than a CF3 group. This will limit the number of conformers 
available. There are reports in the literature of the pfmcp compounds cyclo-
C5F8XCF3 (X = F,
207 Cl,208 I,209 CF3,
210 SCN)211 – though none of the 
19F NMR 
spectra of these compounds exhibit the complexities seen in the spectrum of 
Ph2P(pfmcp). There are also no reports on the nature of phosphorus-fluorine 
coupling constants in ring systems such as these, and consequently whether 
or not they follow a Karplus-type relationship, and anyway, the Karplus 
relationship in the case of cyclopentanes is more complex than that of 
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cyclohexanes.212 In this compound the phosphorus centre appears to couple 
to both the “axial” and “equatorial” fluorine nuclei, unlike in Ph2P(F-Cy), 21 
(in which the phosphorus atom only couples  to the equatorial fluorine atoms 
(85 Hz) – the dihedral angle being comparatively small), and both coupling 
constants are relatively small. The apparent “scrambling” of the eight 
fluorine nuclei into three signals has not been noted before in the literature, 
and is presumably due to there being a limited number of conformers of 
similar energies available in the pseudorotation circuit. 
3.3 Partially Fluorinated Substituents 
3.3.1 Ph2PCHFCF3 (23) 
Having shown that the reaction between Ph2PSiMe3 and iodoperfluoroalkanes 
generates Ph2PRf compounds, a similar reaction with CF3CFHI was attempted 
(see Scheme 3.8), in order to see if this methodology could be extended to 
partially fluorinated systems. 
 
Scheme 3.8: Reaction between Ph2PSiMe3 and CF3CFHI. 
The addition of CF3CFHI to a CDCl3 solution of Ph2PSiMe3 results in a slight 
colour change of the solution from colourless to pale yellow. The 31P{1H} 
NMR spectrum shows the appearance of a signal at δ -13.0 ppm which is a 
binomial doublet of quartets (2JPF = 71.0 Hz, 
3JPF = 20.7 Hz), as shown in 
Figure 3.21. 
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Figure 3.21: Expansion of the signal observed at δ -13.0 ppm in the 31P{1H} 
NMR spectrum of 23. 
The 19F NMR spectrum of 23 contains two peaks corresponding to the target 
compound. There is a signal observed in the CF3 region of the spectrum, at δ 
-72.3 ppm which is a binomial doublet of doublet of doublets (3JPF = 20.7 Hz, 
3JFF = 16.8 Hz, and 
3JFH = 8.4 Hz).  
The other signal is centred at δ -206.4 ppm (see Figure 3.22) and is a 
binomial doublet of doublet of quartets (2JPF = 71.0 Hz, 
2JFH = 46.5 Hz, 
3JFF = 
16.8 Hz). This assignment of the fluorine-proton coupling constants is 
confirmed from the 19F{1H} NMR spectrum, where both signals lose the 
appropriate doublet coupling. 
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Figure 3.22: Expansion of the signal observed at δ -206.4 ppm in the 19F NMR 
spectrum of 23. 
Further support for this assignment comes from the quaternary salt 
[Ph2BzPCFHCF3]
+Br− formed serendipitously in the reaction between 
Ph2P(CF=CF2) and BzBr,
137 the spectra of which show similar chemical shifts, 
multiplicities and magnitude of coupling constants to those observed for 23.  
The 1H NMR spectrum contains a complex multiplet in the aromatic region, as 
expected owing to the presence of the two phenyl rings. There is also a 
signal centred at δ 6.66 ppm; the signal is observed as a doublet of quartets 
(2JHF = 46.4 Hz, 
3JHF = 8.3 Hz). 
Taken together these data confirm the successful synthesis of compound 23. 
3.4 Variation of Non-fluorinated Groups 
All of the new phosphines reported thus far contain the same non-fluorinated 
groups. If such a route is to be widely applicable then it should be capable of 
being used for other related systems. To this end other trimethylsilyl-
containing phosphorus(III) starting materials have been prepared, and their 
reactions with perfluoroalkyl iodides investigated. 
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3.4.1 iPr2P(C2F5) (24) 
The synthesis of iPr2PSiMe3 was achieved by stirring an equimolar mixture of 
iPr2PCl and Me3SiCl in THF with an excess of lithium. The generation of 
iPr2PSiMe3 was confirmed by 
31P{1H} NMR spectroscopy (δ -43.2 ppm, lit. δ -
42.7 ppm).213 
 
Scheme 3.9: Formation of iPr2P(C2F5). 
The careful addition of C2F5I to a CDCl3 solution of 
iPr2PSiMe3 resulted in a 
change in colour of the solution from colourless to yellow. 
The 31P{1H} NMR spectrum of the resultant yellow solution showed that the 
signal corresponding to iPr2PSiMe3 had been replaced by a new peak, centred 
at δ 24.4 ppm. This signal is a triplet of quartets (see Figure 3.23, 2JPF = 
41.6 Hz, 3JPF = 14.6 Hz), similar in appearance to that observed for 17. 
 
Figure 3.23: Expansion of signal observed at δ 24.4 ppm in the 31P{1H} NMR 
spectrum of iPr2PC2F5. 
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The 19F NMR spectrum of the same solution displays a pair of signals, a 
doublet of triplets centred at δ −82.4 ppm, and a doublet of quartets at δ 
−111.7 ppm. The doublet coupling constant in both of these signals matches 
those observed in the 31P{1H} NMR spectrum, confirming that the C2F5 group 
is bound to the phosphorus centre. They also share a mutual 3JFF coupling 
constant of 2.8 Hz. 
The 1H NMR spectrum contains the expected two signals for an isopropyl 
group, at δ 2.19 ppm (septet of doublets) and δ 1.15 ppm (doublet of 
quartets). The unexpected observation of a quartet coupling arising from the 
CF3 group on the CH3 signal at δ 1.15 ppm despite there being six bonds in 
between these atoms, is assumed to arise from through-space coupling. 
3.4.2 iPr2P(nC3F7) (25) 
In the manner described for the synthesis of compound 24, iPr2PSiMe3 was 
reacted with a stoichiometric quantity of nC3F7I which resulted in a colour 
change of the solution from pale yellow to a much deeper yellow, and the 
evolution of heat (Scheme 3.10). 
 
Scheme 3.10: Formation of iPr2P(
nC3F7). 
The 31P{1H} NMR spectrum of the resulting solution shows a triplet of triplet 
of quartets at δ 27.2 ppm (see Figure 3.24), as expected for this system, 
with 2JPF = 36.5, 
3JPF = 29.6, and 
4JPF = 6.9 Hz. 
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Figure 3.24: Expansion of signal at δ 27.2 ppm in the 31P{1H} NMR spectrum 
of the reaction between iPr2PSiMe3 and 
nC3F7I. 
The 19F NMR spectrum of this compound contains three major signals, at δ -
79.9, -109.4 and -123.3 ppm. The resonance occurring at δ -79.9 ppm 
(Figure 3.25) is observed as a triplet of doublets (2JFF = 10.4, 
4JPF = 6.8 Hz), 
and shares the doublet coupling with the quartet coupling seen in the 
31P{1H} NMR spectrum, and as such the signal is assigned to the CF3 fluorine 
nuclei. 
 
Figure 3.25: Expansion of signal occurring at δ -79.9 ppm in the 19F NMR 
spectrum of 24. 
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The signal at δ -109.4 ppm (see Figure 3.26) is observed to be a doublet of 
quartets (2JFP = 36.4, 
4JFF = 10.5 Hz), though there appears to be some 
additional fine structure. Based on the magnitude of the coupling constant 
shared with the resonance observed in the 31P{1H} NMR spectrum, this 
signal is assigned to the CF2 group closest to the phosphorus centre. 
 
Figure 3.26: Expansion of the signal observed at δ -109.4 ppm in the 19F{1H} 
NMR spectrum of 24. 
The remaining signal at δ -123.3 ppm is observed as a doublet (3JPF = 29.7 
Hz). This signal corresponds to the remaining CF2 group in the compound. 
Interestingly, the fluorine nuclei do not exhibit a detectable coupling to the 
other fluorine nuclei in the molecule, despite the CF3 fluorine atoms coupling 
to the distant CF2 fluorine centre. This particular property of n-
heptafluoropropyl compounds has been noted previously, in CF3CF2CF2X (X = 
Cl, H)214,215 though there is no explanation given for the apparent lack of 
coupling in these cases. 
3.4.3 PhMePCF(CF3)2 (26) 
The synthesis of this compound was pursued because the resulting 
compound would provide a rare example of a P-chiral phosphine which 
possessed a perfluoroalkyl group.  
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On addition of (CF3)2CFI to a solution of PhMePSiMe3 (formed from the 
reaction of Ph2PMe with an excess of Li wire, and subsequent addition of two 
equivalents of Me3SiCl; Scheme 3.11) in THF there is a colour change of the 
solution from colourless to yellow. The removal of the solvent results in the 
isolation of an off-white solid. 
 
Scheme 3.11: Synthesis of 26. 
The 31P{1H} NMR spectrum of this solid in CDCl3 (see Figure 3.27) contains a 
signal that is similar in appearance to the signal observed for 15; it is an 
overlapping doublet of septets (2JPF = 61.1 Hz, 
3JPF = 16.4 Hz) at δ -12.0 
ppm. 
 
Figure 3.27: Expansion of signal observed at δ -12.0 ppm in the 31P{1H} NMR 
spectrum of 26. 
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The 19F NMR spectrum of the white solid is interesting. The resonance for the 
unique fluorine nuclei is observed at δ -190.3 ppm, further downfield than 
15 (δ -184.9 ppm). The resonance appears as a doublet of septets, as 
expected (2JPF = 61.1 Hz, 
3JFF = 11.2 Hz). The CF3 region is more 
complicated, with two CF3 signals present in the spectrum. Both signals are 
three times as intense as the signal at δ -190.3 ppm, suggesting that the 
two CF3 groups are chemically inequivalent. Owing to the chirality of the 
molecule, the fluorine atoms within the CF3 moieties are diastereotopic (as 
opposed to enantiotopic in 15), and consequently chemically inequivalent, 
giving rise to two CF3 groups which couple to one another as shown in Figure 
3.28. 
 
Figure 3.28: CF3 region of the 
19F NMR spectrum of 26. 
Also, one of the CF3 signals exhibits an extra quartet coupling (J = 1.5 Hz) 
(see Figure 3.29), which is not present in the 19F{1H} NMR spectrum, and is 
presumably due to through-space coupling of the fluorine nuclei with the 
protons of the methyl group. 
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Figure 3.29: Expansion (bottom) and simulation (top) of the CF3 signal 
observed at δ -71.2 ppm in the 19F NMR spectrum of 26, displaying the 
quartet coupling to the CH3 group. 
Based on the multinuclear NMR data, in particular the presence of two CF3 
signals, and the chemical shift in the phosphorus NMR spectrum (δ -12.0 
ppm, Grim’s Law predicts a chemical shift of δ -16 ppm for 26), it is 
concluded that the desired compound has been formed. 
3.5 Scale-Up 
Given the success of these preliminary, small-scale experiments synthesis on 
a preparative scale was undertaken, so as to be able to further characterise 
and investigate the chemistry of these compounds. 
3.5.1 Ph2PCF(CF3)2 (15) 
As outlined above, due to cost and ease of handling, preliminary large-scale 
reactions involving Ph2PSiMe3 and (CF3)2CFI were chosen as the starting 
point.  
The reaction of these two compounds in a variety of reaction 
conditions/temperatures/work-up procedures was evaluated. The most 
successful method was found to be the slow addition of a stoichiometric 
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amount of (CF3)2CFI to a solution of Ph2PSiMe3 in hexane (prepared in a 
glovebox) under an atmosphere of dinitrogen or argon at -0°C, and then 
allowing the mixture to slowly warm to room temperature. The volatiles were 
removed under a high vacuum to afford spectroscopically pure 15, which, if 
necessary, was distilled under vacuum (98°C/1.0 mmHg). It appears that 
temperature control is important, as allowing the mixture to warm too 
quickly results in the formation of other phosphorus containing species, 
which are as yet unidentified. 
 
Figure 3.30: Scale-up procedure for synthesis of 15. 
Compound 15 is a low melting (m.p. 48°C) white solid, with a distinct but 
not unpleasant odour. The solid appears stable to air, but if left in solution 
(pentane) it converts (quantitatively inside 72 hours at 4°C) to the 
phosphine oxide, 29, O=PPh2CF(CF3)2 (see section 4.3.1 for details of this 
compound). 
Upon slow cooling of a heated sample of 15 needle-like single crystals 
formed which were suitable for X-ray diffraction studies. Solution of the data 
obtained resulted in the molecular structure shown in Figure 3.31. 
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Figure 3.31: ORTEP174 (Oak Ridge Thermal Ellipsoid Program) representation 
of the molecular structure of 15, with thermal ellipsoids at 50%. Hydrogen 
atoms are omitted for clarity. 
Compound 15 crystallises in the monoclinic space group P21/c and contains 
four molecules in the unit cell. The P–CF bond length is slightly longer than 
the average P–CAr distance (1.899(5) Å vs. 1.830(5) Å). There are few 
datasets with which to directly compare these distances, as only two X-ray 
diffraction studies of fluorinated phosphines are available in the Cambridge 
Structural Database (CSD). However, in both cases, very similar P–CF 
distances are observed (cf. PhP(CF=CF2)2 d(P-CF) = 1.830(3) Å, Ph2PCF2CF3 
d(P-CF) = 1.891(3) Å).
36,100 The C2–F4 bond is shorter at 1.296(6) Å than 
the other C–F bonds (see Table 3.3 for a selection of bond lengths). There 
are no particularly noteworthy intermolecular contacts, though the distances 
between P1···F4 and P1···F6 are 0.31 Å shorter (on average) than the sum of 
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the van der Waals radii for phosphorus and fluorine. The unique fluorine F1 
also has two short contacts, to fluorine atoms on both CF3 groups (F3 = 
2.571(4) Å, F5 = 2.590(4) Å). This is presumably due to the size of the 
perfluorisopropyl fragment. 
Bond Distance (Å) Bond Distance (Å) 
P1–C1 1.899(5) C2–F3 1.341(6) 
P1–C4 1.828(5) C3–F5 1.328(5) 
P1–C10 1.831(5) C3–F6 1.314(6) 
C1–F1 1.400(5) C3–F7 1.351(6) 
C2–F4 1.296(6) C1–C2 1.539(6) 
C2–F2 1.331(5) C1–C3 1.531(7) 
Table 3.3: Selected bond lengths in 15. 
The sum of the C-P-C bond angles around the phosphorus centre is larger at 
309.6° in 15 (see Table 3.4 for a selection of bond angles) than in either 
Ph2P(CF=CF2)2 (299.6°)
36 or 17 (304.2°),100 which suggests that it is the 
largest perfluoroalkyl-containing phosphine to be structurally characterised. 
Bond Angle Angle (Å) 
C1–P1–C4 102.9(2) 
C1–P1–C10 103.6(2) 
C4–P1–C10 103.1(2) 
P1–C1–F1 114.8(3) 
Table 3.4: Selection of bond angles in 15. 
As shown in Figure 3.32 in the extended structure the molecules stack in the 
z-direction. There is also some offset pi-stacking in the x-direction, with a 
centroid to centroid distance of 3.914(3) Å. 
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Figure 3.32: Diagram showing the stacking of 15 in the z-direction. 
3.5.2 Ph2P (sC4F9) (18) 
In a similar fashion to compound 15, 18 was also prepared on a multi-gram 
scale, to afford the title compound as a colourless liquid after vacuum 
distillation. Multinuclear NMR data consistent with the small-scale experiment 
was obtained (Section 3.2.1) and the compound was characterised by 
elemental analysis. Compound 18 also has a strong but not unpleasant 
odour.  
3.5.3 Other Perfluoroalkyl Phosphines 
Currently the preparative scale reactions in the case of the 
perfluorocyclohexyl and perfluorotertiarybutyl derivatives results in the 
formation of the desired compound, however, separation and purification has 
proven unsuccessful thus far. However, some chemistry of the 
perfluorocyclohexyl derivative 19 (e.g. oxidation, see later sections) has 
been accomplished on the crude phosphine. 
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3.6 Reaction of (CF3)2CFI with PhP(SiMe3)2 
The reaction of PhP(SiMe3)2 and iodoperfluoroalkanes was investigated, in 
the hope that this would result in the synthesis of bis-perfluoroalkyl 
phosphines. Unfortunately, bis-trimethylsilyl phosphines are not 
commercially available, so PhP(SiMe3)2 was synthesised from PhPH2, 
nBuLi 
and Me3SiCl (see Scheme 3.12) and its structure confirmed via multinuclear 
NMR studies. 
 
Scheme 3.12: Formation of PhP(SiMe3)2. 
The reaction of (CF3)2CFI with PhP(SiMe3)2 was undertaken in a similar 
manner to the large scale formation of 15, with work-up affording a 
colourless liquid. The 31P{1H} NMR spectrum of PhP(CF(CF3)2)2 is expected to 
be a complex triplet based multiplet centred at approximately δ +5 – 10 ppm 
(cf. PhP(CF2CF3)2 δ +3.5 ppm);
99 however the major resonance observed in 
the 31P{1H} NMR spectrum of the liquid obtained from this reaction was 
found at δ -42.3 ppm (see Figure 3.33). 
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Figure 3.33: Expansion of the signal at δ -42.3 ppm in the 31P{1H} NMR 
spectrum of the product from the reaction between PhP(SiMe3)2 and 
(CF3)2CFI. 
The multiplet shown in Figure 3.33 can be interpreted as an overlapping 
doublet of quartet of quartets (2JPF = 53.1 Hz, 
3JPF = 17.8 Hz, and 
3JPF = 12.6 
Hz). 
The 19F NMR spectrum of the liquid has three major peaks, at δ -72.6 (Figure 
3.34), -73.4 (Figure 3.35) and -178.3 ppm (Figure 3.36). They integrate in 
the ratio 3:3:1, indicating that the CF3 groups of the perfluoroisopropyl group 
are chemically inequivalent. Based on the appearance of the CF3 signals, this 
suggests that the compound formed is chiral, as in 26, which also has 
chemically inequivalent CF3 groups.  
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Figure 3.34: Expansion of the peak at δ -72.6 ppm in the 19F NMR spectrum 
of the of the product from the reaction between PhP(SiMe3)2 and (CF3)2CFI. 
 
Figure 3.35: Expansion of the signal at δ -73.4 ppm in the 19F NMR spectrum 
of the reaction between PhP(SiMe3)2 and (CF3)2CFI. 
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Figure 3.36: Expansion of the signal at δ -178.3 ppm in the 19F NMR 
spectrum of the product from the reaction between PhP(SiMe3)2 and 
(CF3)2CFI. 
The presence of two CF3 signals is unexpected, and means that the 
multiplicity of the signal for the fluorine attached to the α-carbon would be 
expected to be a doublet of quartets of quartets (similar in appearance to the 
phosphorus signal) or a doublet of septets if the two quartet couplings are 
similar. However, as shown in Figure 3.36, the pattern observed is an 
overlapping doublet of doublet of septets. There appears to be an additional 
doublet coupling (J = 16.4 Hz) than would be expected in the desired 
product. Both CF3 signals appear to have a small “extra” doublet coupling.  
A 19F{1H} NMR spectrum confirms that additional coupling is due to the the 
presence of a proton, as all three signals were reduced in multiplicity (see 
Figure 3.37, Figure 3.38, and Figure 3.39). 
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Figure 3.37: Expansion of one of the CF3 signals in the 
19F{1H} NMR 
spectrum of the liquid from the reaction between PhP(SiMe3)2 and (CF3)2CFI. 
 
Figure 3.38: Expansion of the signal at δ -73.4 ppm in the 19F{1H} NMR 
spectrum of the reaction between PhP(SiMe3)2 and (CF3)2CFI. 
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Figure 3.39: Expansion of signal at δ -178.3 ppm in the 19F{1H} NMR 
spectrum of the reaction between PhP(SiMe3)2 and (CF3)2CFI. 
The signal at δ -178.3 ppm in the 19F{1H} NMR spectrum is an overlapping 
doublet of septets – thus the additional doublet coupling is due to a single 
proton.  
The 31P NMR spectrum displays a broad doublet at δ -42.3 ppm, with a 
coupling constant of ~230 Hz, which is typical of 1JPH coupling constants, 
suggesting that a P–H bond has been formed. The 1JPH coupling constant and 
the chemical shift are very similar to the trifluoromethyl-containing analogue, 
Ph(H)PCF3, reported by Togni et al. (δ -40.4 ppm, 
1JPH = 222 Hz).
108 The 1H 
NMR shows the resonances expected for a phenyl ring, with complex 
multiplets observed at δ 7.26–7.31, 7.34–7.41 and 7.54–7.60 ppm and a 
complex doublet based signal centred at δ 4.56 ppm with a doublet coupling 
constant of 229.1 Hz, indicative of the presence of P–H bond. The 13C{1H} 
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NMR spectrum has the four expected resonances for the phenyl ring, at δ 
136.5, 134.9, 129.9 and 127.5 ppm. 
These data are consistent with the formation of a new compound, the 
previously unknown secondary fluoroalkyl phosphine, PhP(H)CF(CF3)2, 27. 
The source of the hydrogen is currently unclear. If the same reaction is 
carried out in a solution of CDCl3 then the same product is formed, not 
PhPDCF(CF3)2, which suggests that the solvent is not the source of the 
proton.  
3.7 Mechanistic Considerations 
At first glance it would appear as though there is a straightforward exchange 
occurring between the trimethylsilyl-containing phosphine, R2PSiMe3 and the 
perfluoroalkyl iodide, RfI, to generate R2PRf as shown in Scheme 3.13.  
 
Scheme 3.13: Reaction of silyl-phosphines with RfI. 
Indeed, a peak corresponding to Me3SiI is observed in the 
1H NMR spectrum 
at δ 0.81 ppm (lit. δ 0.8 ppm)194 of the preliminary reactions. 
However, on closer investigation it is clear that such a simplistic 
representation of the reaction is insufficient. The 31P{1H} NMR spectrum 
recorded immediately (<10 mins) after the addition of the perfluoroalkyl 
iodide to Ph2PSiMe3 shows the disappearance of the peak corresponding to 
Ph2PSiMe3 (δ -56.3 ppm, lit. δ -56.7 ppm), and the growth of a new, often 
somewhat broad, peak at δ -15.0 ppm (see Figure 3.40 for example).  
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Figure 3.40: 31P[1H] NMR spectrum of reaction between Ph2PSiMe3 and cyc-
C6F11I after approx. 30 minutes. 
Recording the 31P{1H} NMR spectrum periodically shows a decrease in the 
intensity of the peak at δ -15.0 ppm and a growth of the signal 
corresponding to the desired R2PRf product. This appearance and subsequent 
disappearance of the peak at δ -15 ppm indicates that it is an intermediate in 
the formation of Ph2PRf. We postulated that the identity of this species could 
be Ph2P-PPh2 (lit: δ -14.8 ppm).
216 In an attempt to confirm this a reaction 
was undertaken where Ph2P-PPh2 was added to one equivalent of (CF3)2CFI 
and the 31P{1H} NMR spectrum recorded, shown in Figure 3.41. It is clear 
from this spectrum that the formation of 15 results, suggesting that the 
intermediate observed in the reactions between Ph2PSiMe3 and RfI is 
tetraphenyldiphosphine, Ph2P-PPh2. 
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Figure 3.41: 31P{1H} NMR spectrum of the reaction between Ph2PPPh2 and 
(CF3)2CFI. 
Further support for this was obtained from the reaction involving iPr2PSiMe3, 
in which an intermediate is observed with a resonance at δ -11.0. This can 
be compared with the reported phosphorus chemical shift for iPr2P-P
iPr2 
which is δ -11.6 ppm.217 
A number of factors suggested that a radical mechanism should be 
considered. These include the known propensity for perfluoroalkylhalides to 
undergo radical cleavage of the Rf-I bond and the fact that a similar reaction 
is reported to be radical in nature.104 The broadness of the R2P-PR2 peak 
might indicate that a radical intermediate is generated. This may explain the 
presence of varying quantities of Ph2PI (δ 40.2, lit. δ 38.0 ppm),
218 and, in 
some cases (especially the reaction involving cyc-C6F11I, see Figure 3.42) a 
fluoroalkene corresponding to the formal elimination of IF from the 
perfluoroalkyl iodide. In the case of cyc-C6F11I, the alkene formed is 
perfluorocyclohexene, with three signals in the 19F NMR spectrum observed 
at δ -118.4, -133.3, and -150.5 (lit: δ -118, -133, -151 ppm),219 as shown in 
Figure 3.42. 
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Figure 3.42: 19F NMR spectrum of the reaction between Ph2PSiMe3 and cyc-
C6F11I recorded after approx. 30 minutes. 
However, the formation of this alkene could also be accounted for by the 
elimination of Me3SiF from Me3Si(cyc-C6F11). Indeed, signals due to Me3SiF 
are also observed in the 19F NMR spectrum (Figure 3.42) at δ -157.3 ppm 
(dectet, 3JHF = 10 Hz, with 
29Si satellites, 1JSiF = 274.2 Hz, lit: δ -157 ppm, 
dectet, 3JHF = 8.0 Hz);
220 the formation of Me3SiF being favoured by the 
strength of the Si–F bond (553 kJ mol-1).221 Alternatively, the fluoroalkene 
could be formed by elimination from the perfluoroalkyl phosphorus(III) 
compound with formation of a P–F bond (439 kJ mol-1).221 
However, in situ EPR (Electron Paramagnetic Resonance) spectroscopic 
studies of a reaction carried out in the cavity of an EPR spectrometer showed 
no evidence of the presence of any radical species, although this does not 
completely exclude the possibility of a radical process, it does suggest that 
alternative mechanisms should be investigated 
An interesting observation was made in reactions involving (CF3)2CFI and 
Ph2PSiMe3; on addition of the two reactants and before the formation of the 
product, Ph2PCF(CF3)2, the chemical shift position of the unique fluorine atom 
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changes by several ppm relative to that recorded for a solution of (CF3)2CFI 
alone. The chemical shift of this fluorine nucleus in (CF3)2CFI is δ -148.8 ppm 
(lit. δ –148.9 ppm),193 but when added to Ph2PSiMe3 in an NMR tube scale as 
described above the chemical shift changes and is observed at around δ -
153.0 (dependent on the concentration; when a large excess of (CF3)2CFI is 
used, the signal appears at ca. δ -149.5). When the reaction is conducted 
with perfluoroalkyl iodide is cyc-C6F11I, the signal corresponding to the 
fluorine atom attached to the α-carbon is observed at -146.8 ppm (lit. δ -
144.6 ppm for cyc-C6F11I alone),
222 a change of over two ppm. This is similar 
to that noted during the reaction with sC4F9I, where the fluorine atom 
attached to the α-carbon is observed at δ -148.7 ppm, whereas when 
recorded alone it is observed at -146.2 ppm (lit. δ -146.9 (C6D12)).
223  This, 
combined with  the broadness of the peak observed at δ -15.0 ppm in the 
31P{1H} NMR spectrum, suggests that there may be some interaction 
between one or both of the lone pairs of Ph2P-PPh2 and the iodine atom of 
the perfluoroalkyl iodide. Similar interactions, including observation of 
comparable changes in chemical shift have been reported in halogen-bond 
systems by Resnati and others,224-227 typically involving primary 
perfluoroalkyl iodides and N, S, or O-heteroatom donors. In such systems 
the chemical shift differences between the RfI and the halogen-bonded 
systems are in the order N>S≥O, and the effect can be as much as 10 
ppm.225  
It is possible that a similar interaction between Ph2PSiMe3 and the iodine 
atom of the perfluoroalkyl iodide results in the formation of Ph2P-PPh2. Such 
coordination will create a greater positive charge at the phosphorus centre. 
This could then be attacked by the lone pair of another molecule of 
Ph2PSiMe3, generating Ph2P-PPh2, and presumably Me3Si-SiMe3, although this 
process is not thermodynamically favoured.  
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To date, these halogen bonding interactions have been used to explain 
structural motifs, but not reaction pathways. However, this is similar to a 
charge-transfer mechanism (see Scheme 3.14), promoted by the lone pair(s) 
on the phosphorus species, allowing the Rf group to become a nucleophile, 
effectively, although not necessarily formally, as Rf
−.  
 
Scheme 3.14: Possible mechanism for interaction of diphosphines with RfI. 
Such an interaction would be consistent with the reactivity trend of the 
perfluoroalkyl iodides (tertiary > secondary >>> primary), as the strength of 
the C–I bond increases along the above series (Table 3.5). The considerably 
greater strength of the C–I bond in C6F5I may explain why this does not react 
with Ph2PSiMe3 under these conditions. 
Perfluoroalkyl Iodide C–I Bond Strength (kJ mol-1) 
CF3I 224 
C2F5I 219 
(CF3)2CFI 215 
tC4F9I 206 
C6F5I 277 
Table 3.5: Bond strengths in selected RfI compounds. 
This means that the Rf
− could potentially attack an electrophile, such as 
another molecule of Ph2P-PPh2, or more likely that an intramolecular reaction 
occurs, generating the desired product and Ph2PI. However, this would result 
in a 50:50 mixture of Ph2PI and Ph2PRf, which is not observed. This suggests 
that either the resulting Ph2PI reacts further or that the mechanism is more 
complicated. So, while an interaction between Ph2P-PPh2 and RfI accounts for 
the observed rates of reactivity, it does not explain the distribution of 
products observed. 
135 
 
3.7.1 Investigation of Effect of Lone Pair 
The interactions described above involve one or more of the lone pairs of the 
phosphorus centres, therefore further investigation was undertaken to 
confirm, or otherwise, this. Firstly, the most obvious method would be to 
attempt the reaction with phosphorus(V) species, where the lone pairs are 
unavailable due to their involvement in bonding. 
The synthesis of (Me2PS)2 was accomplished via standard literature methods 
from S=PCl3 and MeMgBr.
228 The compound was subsequently dissolved in 
CDCl3 and one equivalent of (CF3)2CFI added (Scheme 3.15). Whereas the 
reaction between Ph2PSiMe3 (or Ph2P-PPh2) and (CF3)2CFI occurs rapidly, no 
reaction between (Me2PS)2 and (CF3)2CFI was observed under the same 
conditions over a period of several weeks. 
 
Scheme 3.15: Attempted reaction of (Me2PS)2 with (CF3)2CFI. 
Based on the lack of success of the reaction between (Me2PS)2 and (CF3)2CFI, 
another reaction was attempted, this time with a mixed 
phosphorus(III)/phosphorus(V) compound. 
Heating (Me2PS)2 with 0.95 equivalents of P
nBu3 at 140°C for 20 hours 
results in the formation of Me2P-P(S)Me2,
229 (with one phosphorus(III) centre 
and one phosphorus(V) centre), and S=PnBu3 as a by-product (Scheme 
3.16). The 31P{1H} NMR spectrum displays a singlet at δ 48.7 ppm 
corresponding to S=PnBu3 (lit. δ 48.7 ppm)
230 and two doublets, centred at δ 
37.3 ppm and δ -56.5 ppm with a shared coupling constant of 221.1 Hz, 
corresponding to the phosphorus(V) and phosphorus(III) centres of Me2P-
P(S)Me2 respectively (lit. δ 35.6 and -57.5 ppm respectively).
231  
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Scheme 3.16: Synthesis of the mixed phosphorus(III)/phosphorus(V) 
compounds. 
Reaction of Me2P-P(S)Me2 with (CF3)2CFI is extremely slow, with the growth 
of a new peak occurring (<10% after two weeks), at δ -18.2 ppm in the 
31P{1H} NMR spectrum and as such this compound has only been identified 
and characterised via 31P{1H} and 19F NMR spectroscopy. 
The new peak observed in the 31P{1H} NMR spectrum of this reaction is 
similar in appearance to that of 15 and 26; displaying a doublet of septets 
(2JPF = 53.3 Hz, 
3JPF = 16.4 Hz), shown in Figure 3.43.  
 
Figure 3.43: Expansion of the peak observed at δ -18.2 ppm in the 31P{1H} 
NMR spectrum of the reaction between Me2P-P(S)Me2 and (CF3)2CFI. 
The 19F NMR spectrum is also very similar to that observed for 15, with a 
doublet of septets observed at δ -195.5 ppm (2JPF = 53.3 Hz, 
3JFF = 10.4 Hz), 
and a doublet of doublets occurring at δ -71.6 ppm (3JPF = 16.4 Hz, 
3JFF = 
10.4 Hz). These data suggest that a perfluoroisopropyl-containing phosphine 
has been formed. Taken together, both the 31P{1H} and 19F NMR data 
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indicate the formation of the expected new compound, Me2PCF(CF3)2, 27. 
Unfortunately, due to the sluggish nature of the reaction, this material has 
not yet been prepared on a large scale, nor has it been successfully isolated 
free of (CF3)2CFI for complete characterisation.  
Both of these experiments suggest that either one or both of the lone pairs 
of the diphosphine play an important role in the reaction mechanism.  
Indeed, the suggestion of Ph2P-PPh2 acting as an electron donor to the iodine 
centre to facilitate the formation of “Rf
−“ is similar to that proposed for the 
mechanism of the reaction between P(NEt2)3, CF3X (X = Br, I) and 
chlorophosphines, e.g. Cl2PCH2CH2PCl2, to generate (CF3)2PCH2CH2P(CF3)2.
77 
To investigate this hypothesis, (CF3)2CFI was added to a mixture of Ph2P-
PPh2 and (o-tol)2PCl. Bis-orthotolylchlorophosphine was chosen as it is 
commercially available, has a reasonably similar stereoelectronic profile to 
Ph2PCl, and the expected product (o-tol)2PCF(CF3)2 should be distinguishable 
from 15 in the 31P{1H} NMR spectrum. However, the only perfluoroisopropyl-
containing phosphine observed in this reaction is 15, meaning that either 
Ph2P-PPh2 is a better electrophile than (o-tol)2PCl, or more likely that the 
reaction occurs via an intramolecular route, rather than liberating “Rf
−”.  
A number of experiments involving mono-phosphines and fluoroalkyl iodides 
have shown that mono-phosphines can also be used as a “charge-transfer” 
reagent, although not particularly cleanly.232 The addition of (CF3)2CFI to a 
mixture of PnBu3 and Ph2PCl resulted in an extremely exothermic reaction, 
and a number of products, according to multi-nuclear NMR data, whilst the 
analogous reaction of (CF3)2CFI with PPh3 resulted in no reaction at all. At 
first, it was thought that the basicity of the phosphine was important, but the 
report by Caffyn et al.195 of the room temperature reaction of P(NEt2)3 with 
(CF3)2CFI and Ph2PCl resulting in the formation of 15 suggests otherwise as 
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P(NEt2)3 is more basic than P
nBu3. They propose that this reaction proceeds 
via a charge-transfer procedure, with the lone-pair of the phosphorus of 
P(NEt2)3 donating electron density to the iodine nucleus, allowing Rf
− to 
effectively act as a nucleophile and attack Ph2PCl, resulting in 15 and 
(Et2N)3PX2 (X = Cl and I).  
On switching from mono-phosphine additives to bidentate phosphines, the 
reaction is observed to be more controllable. The bidentate phosphines 
Ph2PCH2PPh2 (dppm), Ph2PCH2CH2PPh2 (dppe), Ph2P(CH2)3PPh2 (dppp), 
Ph2P(CH2)4PPh2 (dppb), Ph2P(CH2)6PPh2 (dpph) and (1,4-
diphenylphosphino)benzene all facilitate the reaction between Ph2PCl and 
(CF3)2CFI. For example, the reaction of dppe, (CF3)2CFI and Ph2PCl results in 
the formation of 15 and Ph2PCH2CH2PPh2.X4 (X = Cl or I), as shown in the 
31P{1H} NMR spectrum of the reaction by singlets observed at δ 75.0 (X = Cl, 
lit. δ 75.2 ppm)233 and 50.5 ppm (X = I, lit. δ 51.0 ppm).234 There does not 
appear to be formation of mixed halo-bisphosphines, based on comparison 
with literature data.  
Dppe has been shown to react with PX3 (X = Br, I)
235 in the presence of a 
halogen-scavenger (cyclohexene) resulting in the formation of the unusual 
species shown in Scheme 3.17. 
 
Scheme 3.17: Reaction of dppe with PX3, adapted from Ref. 235.  
The reaction is postulated to occur via nucleophilic attack of one of the 
phosphorus centres of dppe on the halophosphine, forming a quaternary salt. 
Subsequently, attack of the other phosphorus centre of dppe at the resulting 
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X2P centre results in the displacement of X2, leading to the formation of the 
species shown in Scheme 3.17. 
It is possible that a similar process is occurring in this work, resulting in the 
formation of a phosphorus – phosphorus bond (see Scheme 3.18) 
 
Scheme 3.18: Potential reaction between dppe and Ph2PCl. 
This phosphorus – phosphorus bond could then react with (CF3)2CFI, leading 
to the formation of dppe.I4 and dppe.Cl4 (via disproportionation) and the 
fluoroalkyl containing phosphine, 15.  
3.8 Summary 
The reaction of perfluoroalkyl iodides with trimethylsilyl-containing 
phosphines has been explored, resulting in the synthesis of six previously 
unknown compounds. The methodology has been shown to be suitable for 
primary, secondary and tertiary fluoro-organo iodides, and to tolerate 
partially fluorinated substituents. The route has also been extended by 
varying R groups at the phosphorus centre, and has been used to synthesise 
a chiral perfluoroalkyl-containing phosphine.  
The mechanism of the reaction remains unclear. It is apparent that the first 
step involves the transformation of Ph2PSiMe3 into Ph2P-PPh2, in the presence 
of RfI, although exactly how the addition of RfI facilitates this is currently 
unknown. Ph2P-PPh2 then appears to undergo a halogen-bond interaction 
with the RfI species, which then undergoes an intramolecular reaction to 
form Ph2PRf and presumably Ph2PI. The lack of Ph2PI observed in these 
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reactions clearly shows that the full picture has not yet been elucidated – 
Ph2PI could presumably undergo a similar reaction as Ph2PCl does when 
mixed with P(NEt2)3 and RfX, or as described above, dppe and RfI.  
The reaction of the diphosphinemonosulfide, Me2P-P(S)Me2 with RfI is also 
interesting, and appears to give a potentially viable, albeit slow alternative 
strategy for synthesising these compounds.   
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4. Chemistry of Perfluoroalkyl Phosphines 
4.1 Quaternisation 
The reaction of 15 with RX was investigated, since the quaternisation of 
phosphorus(III) compounds is well established.236 
The reaction of 15 with either MeI or C6H5CH2Br failed to result in the 
formation of the corresponding quaternary phosphonium salt. This is 
presumably because of the reduced nucleophilicity of the phosphorus centre 
due to the strong negative inductive effect of the perfluoroisopropyl group, 
and also possibly due to the steric bulk of 15. This observation agrees with 
previously reported data which found that aryl and alkoxy-containing 
phosphines quaternise less readily than alkyl-containing phosphines.236 
4.2 Oxidation Chemistry 
Of particular importance for the use of phosphines in catalysis/synthesis is 
their ease of (or more often, stability towards) oxidation. This is particularly 
true in catalytic processes where phosphine-oxide formation can significantly 
reduce the turn-over of a reaction. 
4.3 Synthesis of E=PR2Rf (E = O, S, Se) 
4.3.1 O=PPh2CF(CF3)2 (29) 
As mentioned above in Section 3.5.1, the serendipitous discovery of the 
formation of the phosphine oxide, O=PPh2CF(CF3)2, 29, upon dissolution of 
15 in pentane and allowing it to stand at 4°C for 72 hours, affording a near 
quantitative yield of white needles. 
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Scheme 4.1: Oxidation of 15. 
The 31P{1H} NMR spectrum of the needles dissolved in CDCl3 contains a 
single resonance at δ 20.8 ppm which is a doublet with J = 51.4 Hz (see 
Figure 4.1). 
 
Figure 4.1: Expansion of the signal observed at δ 20.8 ppm in the 31P{1H} 
NMR spectrum of 29. 
The 19F NMR spectrum contains two signals, a doublet centred at δ -69.1 
ppm (3JFF = 10.7 Hz) and binomial doublet of septets, centred at δ -188.6 
ppm (2JPF = 51.4, 
3JFF = 10.7 Hz). 
The 19F NMR spectrum is consistent with the presence of a perfluoroisopropyl 
group attached to a phosphorus centre (shown by the chemical shift of the 
unique fluorine atom and the mutual JPF coupling shared with the signal in 
the 31P{1H} NMR spectrum). Interestingly, there is a loss of coupling from 
the phosphorus centre to the fluorine nuclei on the CF3 groups, and a (slight) 
reduction in magnitude of the other coupling constants relative to those 
observed in 15. This suggests that lone-pair assisted through-space coupling 
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is more significant than through-bond coupling, at least to the more distant 
CF3 groups. The signal observed for 29 in the 
31P{1H} NMR spectrum is 
shifted 21.6 ppm upfield, a change comparable to other species on increasing 
the oxidation state from phosphorus(III) to phosphorus(V) (cf. PPh3→O=PPh3 
∆δ +34.2 ppm).237,238 The data also compares favourably with that reported 
by Vaillard et al., who reported the formation of O=PPh2(n-C4F9) (δ +24.4 
ppm, t, 2JPF = 7.0 Hz) and O=PPh2(n-C6F13) (δ +24.6 ppm, t, 
2JPF = 7.1 
Hz).104 Taken together this suggests the formation of the phosphorus(V) 
species, O=PPh2CF(CF3)2, 29. 
The needles of 29 obtained from the pentane solution of 15 were of 
sufficient quality to be structurally characterised via single crystal X-ray 
diffraction studies; solution of the data resulted in the molecular structure 
depicted in Figure 4.2. 
 
Figure 4.2: ORTEP174 representation of the molecular structure of 29. 
Thermal ellipsoids are shown at 50%, and hydrogen atoms have been 
omitted for clarity. 
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Compound 29 crystallises in the P1¯  space group, with two molecules in the 
unit cell, and the molecular geometry is consistent with that expected for this 
compound. A search of the CSD shows that only two phosphine oxides of 
fluoroalkyl-containing phosphines have previously been characterised by X-
ray crystallographic studies; (iC4F9)3P=O and Ph2P(O)CF2Br. The P1–O1 bond 
in 29 is 1.477(4) Å, very similar to those reported for (iC4F9)3P=O (d (P–O) 
1.447(2) Å) and Ph2P(O)CF2Br (d(P–O) 1.471(4) Å). The phosphorus – 
carbon distance to the fluorinated group is longer than the distances to the 
phenyl rings (1.896(5) Å vs. 1.794(6)/1.779(6) Å), as observed in both the 
molecular structure of compound 15, and of Ph2P(O)CF2Br (P-CF = 1.893(5) 
Å, PCAr = 1.799(6) and 1.796(6) Å). Both the C-C bond lengths in the 
perfluoroisopropyl moiety are identical within experimental error, again as 
observed in 15. Similarly to (iC4F9)3P=O, the C-F bond on the methine 
carbon is the longest C-F bond, at 1.390(7) Å in 29 (average 1.370(1) Å in 
(iC4F9)3P=O). The C1–F1 bond is anti to the P1–O1 bond, with an O1–P1–C1–
F1 torsion angle of 169.1(3)°, similar to 15, where the C1-F1 bond is anti to 
the lone pair of the phosphorus centre. In contrast to 15, one of the C-F 
bond lengths is markedly shorter than the others (See Table 4.1 for a 
selection of bond lengths). F1 also shows short intramolecular contacts to F3 
and F5 (2.543(6) and 2.608(3) Å respectively, twice the sum of the van der 
Waals’ radii of fluorine = 2.94 Å), as does 15. 
Bond Distance (Å) Bond Distance (Å) 
P1–O1 1.477(4) C2–F2 1.322(7) 
P1–C1 1.896(5) C2–F3 1.360(8) 
P1–C4 1.794(6) C2–F4 1.286(9) 
P1–C10 1.779(6) C3–F5 1.323(7) 
C1–C2 1.522(8) C3–F6 1.320(8) 
C1–C3 1.519(9) C3–F7 1.360 (9) 
C1–F1 1.390(7) 
Table 4.1: Selected bond lengths in 29. 
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Molecules of 29 stack in the x-direction in the solid state, as shown in Figure 
4.3. There also appears to be some offset pi-stacking in the y-direction, 
though the centroid to centroid distance is rather long (4.669(3) Å) to be 
considered a genuine interaction. 
 
Figure 4.3: Crystal packing of 29 looking in the x-direction. 
As can be seen in Figure 4.3, there appears to be regions of fluorous 
domains running in the x-direction in the crystal packing of 29. The data also 
allows for the estimation of the cone angle of 15, calculated to be 215°. 
4.3.2 O=PPh2(cyc-C6F11) (30) 
The reaction of 19 with H2O2 was investigated in an attempt to deliberately 
oxidise the phosphorus centre (see Scheme 4.2). 
 
Scheme 4.2: Oxidation of 19 with H2O2. 
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The 31P{1H} NMR spectrum of the white solid resulting from the reaction 
shown in Scheme 4.2 displays a doublet centred at δ 20.9 ppm, with 2JPF = 
54.4 Hz. The changes in chemical shift and reduction in magnitude of the 2JPF 
coupling constant are consistent with that observed for 29.  
The 19F NMR spectrum displays the expected seven resonances, and as in the 
free phosphine 19, they are all complex multiplets. The chemical shift of the 
fluorine nucleus attached to the α-carbon is at δ -190.4 ppm; it is shifted to 
lower frequency relative to 19, as is observed for 15 and 29. The recovered 
yield of this reaction was rather low, suggesting that the method described 
for the formation of 29 is of greater synthetic utility. 
Based on the apparent ease of formation of 29 from 15, the deliberate 
oxidation of 15 was attempted with other chalcogens. 
4.3.3 S=PPh2CF(CF3)2 (31) 
A solution of 15 in toluene was refluxed in the presence of a slight excess of 
sulfur, and after work up afforded an orange solid. 
 
Scheme 4.3: Synthesis of compound 31. 
The 31P{1H} and 19F NMR spectra of this compound are similar in appearance 
to that of the phosphine oxide 29; the 31P{1H} spectrum displays a 
resonance centred at δ 39.6 ppm, which is a doublet (2JPF = 43.4 Hz). The 
19F 
NMR spectrum displays two resonances, a doublet centred at δ -66.7 ppm 
(3JFF = 8.7 Hz) and a doublet of septets centred at δ -176.3 ppm (
2JPF = 43.4 
Hz, 3JFF = 8.7 Hz). These data (along with the elemental analysis) confirm 
the identity of the compound. Further confirmation was obtained from X-ray 
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diffraction studies of a crystal grown by the slow evaporation of a solution of 
31 in DCM. Unfortunately, the crystals were of poor quality, resulting in an R 
factor of 8.94%. Solution of the data yielded the molecular structure shown 
in Figure 4.4. 
 
Figure 4.4: ORTEP174 representation of the molecular structure of 31. 
Hydrogen atoms omitted for clarity, and thermal ellipsoids shown at 30%. 
There are six reported fluoro-organo containing phosphine sulfides which 
have been characterised by X-ray crystallography (not including fluoro-aryl 
containing species), none of which contains a perfluoro-organo group.  
Compound 31 crystallises in the triclinic P1
_
 space group and contains two 
molecules in the asymmetric unit. Similar to 29, the C1–F1 bond is anti to 
the phosphorus–chalcogen bond, with an S1–P1–C1–F1 torsion angle of 
174.5°. The P1–S1 bond length is 1.935(4) Å, which is very similar to the P–
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S distance of 1.9364(13) Å in S=PPh2CF2CF2Br,
239 and is shorter than in 
triaryl –containing phosphine sulfides, such as S=PPh3 (d(P–S) 1.952(1) Å)
240 
and S=P(2-CH3C6H5)3 (d(P–S) = 1.953(4) Å).
241 The P–CF bond distance is 
longer at 1.913(11) Å than the distances in the P–CAr bonds (1.785(12) and 
1.816(11) Å), as seen in compounds 15 and 29. This is also the case in 
S=PPh2CF2CF2Br, where the P–CF bond is longer (1.901(4) Å) than the P–CAr 
bonds (1.807(3) and 1.809(3) Å).239 The longest C–F distance in the 
molecule is between C1 and F1, at 1.387(13) Å, as observed in 15 and 29, 
though within experimental error it is the same length as the C2–F2 bond. 
Bond Length (Å) Bond Length (Å) 
P1–S1 1.935(4) C2–F2 1.359(19) 
P1–C1 1.913(11) C2–F3 1.29(2) 
P1–C4 1.816(11) C2–F4 1.301(15) 
P1–C10 1.785(12) C3–F5 1.337(17) 
C1–C2 1.525(18) C3–F6 1.308(15) 
C1–C3 1.523(18) C3–F7 1.264(17) 
C1–F1 1.387(13) 
Table 4.2: Selected bond lengths in 31. 
The S–P–C angle is smallest to the fluorinated fragment, at 110.3(4)° 
(compared to 114.1(4) and 114.4(4)° to the phenyl rings), as is observed in 
15 and 29. A selection of bond angles is given in Table 4.3. 
Bond Angle (°) Bond Angle (°) 
S1–P1–C1 110.3(4) C1–P1–C4 104.7(5) 
S1–P1–C4 114.1(4) C1–P1–C10 104.1(5) 
S1–P1–C10 114.4(4) C4–P1–C10 108.4(5) 
P1–C1–F1 109.0(7) 
Table 4.3: Selected bond angles in 31. 
Molecules of 31 stack in the x-direction (Figure 4.5), due to the pi-stacking of 
adjacent residues in both the y- and z-directions (Figure 4.6 and Figure 4.7). 
When viewed down the z-direction a fluorous domain becomes apparent. 
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Figure 4.5: ORTEP174 representation of the packing of 31 looking down the x-
direction. 
 
Figure 4.6: ORTEP174 representation of the crystal packing of 31 looking 
down the y-direction, showing the pi-stacking interaction. 
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Figure 4.7: ORTEP174 representation of the crystal packing of 31 looking 
down the z-direction, showing both pi-stacking interactions and fluorous 
regions. 
The data allows for an estimation of the steric demand of 15, and the cone 
angle is calculated to be 190°, somewhat smaller than calculated for the 
oxide, 29.  
4.3.4 Se=PPh2CF(CF3)2 (32) 
In a procedure similar to that described for the preparation of 31, a toluene 
solution of 15 was refluxed gently in the presence of an excess of elemental 
selenium for two hours, affording large colourless crystals. 
 
Scheme 4.4: Synthesis of compound 32. 
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31P{1H} NMR studies showed the presence of a doublet centred at δ 35.2 
ppm, which exhibits 77Se (I = ½, 7.6%) satellites, with 1JPse = 828 Hz (see 
Figure 4.8).  
 
Figure 4.8: Expansion of the signal observed at δ 35.2 ppm in the 31P{1H} 
NMR spectrum of 32. 
A reduction in multiplicity of the 31P{1H} NMR signal is observed (compared 
to 15), as it was for 29 and 31, there being no observable coupling to the 
fluorine nuclei attached to the β-carbon atoms of the perfluoroisopropyl unit. 
The 19F NMR spectrum is also similar in appearance to the spectra observed 
for 29 and 31; it contains two resonances, a doublet (δ -66.0 ppm, 3JFF = 
8.8 Hz) and a doublet of septets (δ -173.1 ppm, 2JPF = 39.4 Hz, 
3JFF = 
8.8.Hz), confirming the presence of a perfluoroisopropyl group. The 77Se{1H} 
NMR spectrum displays a doublet centred at δ -372.5 ppm (1JPSe = 828 Hz). 
All of this data is consistent with the formation of Se=PPh2CF(CF3)2, 32. 
It was noted that the chemical shift of the unique fluorine atom alters 
depending on the nature of the chalcogen (see Table 4.4). 
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Chalcogen Unique F δ/ppm 2JPF/Hz 
O -188.6 50.8 
None -184.9 74.0 
S -176.3 43.6 
Se -173.1 39.4 
Table 4.4: Chemical shifts of the unique fluorine nuclei and 2JPF coupling 
constants in compounds 15, 29, 31 and 32. 
The effect of the chalcogen on the phosphorus centre will depend on several 
things, not least of which is the electronegativity of the chalcogen 
(O>>S>Se) and the efficiency of the orbital overlap (and the consequences 
that this will have on the nature of the bonds to the other substituents). The 
greater the electronegativity of the chalcogen, the lower the electron density 
should be around the phosphorus centre. This, coupled with the loss of the 
lone pair, may explain why there is a loss of coupling to the CF3 group (which 
is exhibited by the starting phosphorus(III) compound, 15) and the 
reduction in the 2JPF coupling constant, however the magnitude of the effect 
on the chemical shift of the unique fluorine is surprising.  
Crystals of 32 obtained by the slow evaporation of DCM were suitable for 
analysis by single crystal X-ray diffraction studies. Solution of the data 
obtained provided further confirmation of the formation of Se=PPh2CF(CF3)2, 
32, and the molecular structure is shown in Figure 4.9. 
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Figure 4.9: ORTEP174 representation of the molecular structure of 32. 
Thermal ellipsoids are shown at 50% probability. Hydrogen atoms are 
omitted for clarity. 
Compound 32 crystallises in the triclinic P1¯  space group, and contains two 
molecules in the asymmetric unit. As in compound 29 (where the P=O bond 
is anti to the C1-F1 bond), the C1-F1 bond is also anti to the P–Se bond, with 
an Se1–P1–C1–F1 torsion angle of 169.25(14)°. The P–Se bond length is 
2.0834(7) Å, which according to searches of the CCDC is the shortest P=Se 
bond distance known in non-cyclic Se=PR3 compounds (the same, within 
experimental error, as observed in Se=P(3,5-(CF3)2C6H3)3, where the P=Se 
distance is 2.085(1) Å),
242 The P-CF distance is longer at 1.908(3) Å than the 
P-Caryl distances (average 1.817(5) Å), a trend also seen for compounds 15 
and 29. The C-F bond distance for the fluorine atom attached to the α-
carbon is the longest C-F bond in the molecule – however, unlike 15 and 29 
(where one of the C-F bonds is noticeably shorter) all of the remaining six C-
F bonds are very similar in length (see Table 4.5). The unique fluorine atom 
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has short contacts of 2.54 and 2.60 Å to F4 and F7 (0.40(2) Å and 0.34(2) 
shorter than the sum of the van der Waals’ radii respectively), as previously 
noted in compounds 15 and 29. 
Bond Distance (Å) Bond Angle Angle (°) 
P1–Se1 2.0834(7) Se1–P1–C1 110.28(10) 
P1–C1 1.908(3) Se1–P1–C4 114.61(10) 
P1–C4 1.813(3) Se1–P1–C10 114.39(9) 
P1–C10 1.821(3) C1–P1–C4 103.52(12) 
C1–C2 1.547(4) C1–P1–C10 104.74(12) 
C1–C3 1.547(4) C4–P1–C10 108.31(13) 
C1–F1 1.389(3) P1–C1–F1 109.06(18) 
C2–F5 1.317(4) 
C2–F6 1.337(3) 
C2–F7 1.327(3) 
C3–F2 1.329(3) 
C3–F3 1.322(3) 
C3–F4 1.336(3) 
Table 4.5: Selected bond lengths and angles in compound 32. 
Molecules of 32 stack in the x-direction (see Figure 4.10) and also exhibits 
some pi-stacking in the y-direction (see Figure 4.11) with a centroid to 
centroid distance of 3.8737(15) Å between neighbouring residues. There is 
no obvious hydrogen bonding present in the molecule. Also, when looking 
down the x-direction, it is clear that there is a fluorous region in the crystal 
packing (Figure 4.10). 
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Figure 4.10: ORTEP174 representation of the packing of compound 32 looking 
down the x-direction. 
 
Figure 4.11: ORTEP174 representation of the packing of compound 32 looking 
down the y-direction. 
The cone angle of 15 can be estimated from the data obtained from 
compounds 29, 31, and 32, and they are found to give cone angles of 215°, 
190° and 184.5° respectively. The reason for the disparity in these values is 
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the P=E (E = O, S, Se) distance (the shorter the distance, the larger the 
crystallographically determined cone angle will be). 
As the formation of the phosphorus(V) selenides from the perfluoroalkyl-
containing phosphines proceeds smoothly, several more have been 
synthesised as the electronic properties of the phosphine can be quantified 
from the magnitude of the 1JPSe coupling constant. 
4.3.5 Se=PPh2(sC4F9) (33) 
The reaction of 18 with elemental selenium was performed similarly to that 
described in Section 4.3.4 (see Scheme 4.5). 
 
Scheme 4.5: Oxidation of 18 with elemental selenium. 
The 31P{1H} NMR spectrum of the resultant solid in CDCl3 (see Figure 4.12) 
displays a a doublet of doublet based resonance at δ 37.7 ppm (J = 41.3, 
10.6 Hz), and also contains 77Se satellites (I = ½, 7.6%) with 1JPSe = 831 Hz. 
Similarly to 32, there is a reduction in multiplicity (there is no observable 
coupling between the phosphorus nucleus and any fluorine atom other than 
the fluorine nuclei attached to the α-carbon) on oxidation from 18 to 33. 
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Figure 4.12: Expansion of the signal at δ 37.7 ppm in the 31P{1H} NMR 
spectrum of 33. 
The following labelling scheme will be applied for this compound, similar to 
that used for 19 (Figure 4.13). 
 
Figure 4.13: Labelling of fluorine atoms in compound 33. 
The 19F NMR spectrum of 33 contains five signals, as expected (and 
analogous to 18), at δ -64.4, -80.2, -108.6, -109.6 and -172.1 ppm. All 
show a reduction in multiplicity compared to 18 (apart from the signal at -
172.1 ppm). 
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Figure 4.14: Expansion of the 19F NMR signal assigned to Fe. 
There are two signals seen in the CF3 region of the 
19F NMR spectrum of 33; 
one of these resonances, at δ -64.4 ppm, is an overlapping doublet of 
doublet of quartet of doublets (3JFeFd = 13.0 Hz, 
4JFeFb = 10.2 Hz, 
5JFeFa = 9.9 
Hz, 3JFeFc = 3.5 Hz). 
 
Figure 4.15: Expansion of the 19F NMR signal assigned to Fa. 
The second signal observed in the CF3 region of the spectrum occurs at δ -
80.2 ppm and is observed as a (slightly broad) doublet of quartets (3JFaFb = 
15.2 Hz, 5JFaFe = 9.2 Hz). It is perhaps surprising that there appears to be 
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some coupling between the fluorine nuclei on the CF3 groups, as they are five 
bonds apart, and do not appear to be particularly close in space. 
 
Figure 4.16: Expansions of the 19F NMR signals assigned to Fc and Fd. 
The signals due to the diastereotopic fluorine nuclei of the CF2 group are 
observed at δ -108.6 and -109.6 ppm, and share a large geminal coupling 
constant of 297.7 Hz. The chemical shift difference (~380 Hz) is of a similar 
in magnitude to the coupling constant, giving rise to the large second-order 
distortion seen here (Figure 4.16). Also of interest is the fact that only one of 
the two fluorine nuclei displays coupling to the phosphorus centre (signal 
centred at δ -108.6 ppm), despite being the same number of bonds and a 
similar distance apart in space. 
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Figure 4.17: Expansion of the 19F NMR signal assigned to Fb. 
The remaining peak at δ -172.0 ppm corresponds to the fluorine nucleus 
attached to the α-carbon. The signal is an overlapping doublet of quartet of 
doublet of quartet of doublets (2JPFb = 41.0 Hz, 
3JFbFa = 15.2 Hz, 
3JFbFc = 11.8 
Hz, 4JFbFe = 10.2 Hz, 
3JFbFd = 4.3 Hz), and, as is clear from the figures above, 
in all cases the simulated spectrum agrees well with that obtained 
experimentally. 
A single crystal of 33 suitable for analysis via X-ray diffraction was grown by 
the slow evaporation of a solution of 33 in DCM and hexane (1:1), and 
resulted in the molecular structure shown in Figure 4.18 (selected bond 
lengths are given in Table 4.6, and selected bond angles are listed in Table 
4.7) . 
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Figure 4.18: ORTEP174 representation of the molecular structure of 33. 
Thermal ellipsoids shown at 30% and hydrogen atoms have been omitted for 
clarity. 
Compound 33 crystallises in the monoclinic space group P21/c, and there are 
four molecules in the unit cell, all of which are the (S)-enantiomer. As in 29 
and 32, the C1-F1 bond is again anti to the phosphorus–chalcogen bond (the 
Se1–P1–C1–F1 torsion angle is 177.2(11)°). The P–Se bond length is 
2.077(6) Å, which is, within experimental error, the same length as in 32. 
The P–CF distance (1.90(3) Å) is longer than the P–CAr distances (1.789(18) 
and 1.818(17) Å), as previously noted for 15, 29, and 32. The C–F distances 
vary from 1.26(3) Å to 1.41(4) Å, but no one bond is significantly shorter or 
longer than the remainder.  
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Bond Length (Å) Bond Length (Å) 
P1-Se1 2.077(6) C2-F2 1.39(3) 
P1-C1 1.90(3) C2-F3 1.37(4) 
P1-C5 1.789(18) C3-F4 1.41(4) 
P1-C11 1.818(17) C3-F5 1.26(3) 
C1-C2 1.55(4) C3-F6 1.31(3) 
C1-C4 1.56(4) C4-F7 1.28(4) 
C2-C3 1.51(5) C4-F8 1.34(3) 
C1-F1 1.41(2) C4-F9 1.32(3) 
Table 4.6: Selected bond lengths in 33. 
The smallest Se–P–C angle is to the fluorinated group (110.8(7)° vs 
115.4(8)° and 114.9(7)°), as it is in 32 and a selection of bond angles is 
given in Table 4.7. The αC–F  bond is anti to the P–Se bond, with an Se1–P1–
C1–F1 of 177.2(11)°, as observed in 32. 
Bond Angle (°) Bond Angle (°) 
Se1-P1-C1 110.8(7) C1-P1-C5 105.8(10) 
Se1-P1-C5 115.4(8) C1-P1-C11 103.2(10) 
Se1-P1-C11 114.9(7) C5-P1-C11 105.8(9) 
P1-C1-F1 110.2(14) P1-C1-C2 111.3(9) 
P1-C1-C4 117.1(8) 
Table 4.7: Selected bond angles in 33. 
There is a large number of F···F intramolecular contacts within the sec-C4F9 
group, all of which are shorter than twice the van der Waals radius of fluorine 
(2.94 Å). F1 makes four intramolecular short contacts, to F4 (2.849(19) Å), 
F5 (2.629(17) Å), F7 (2.728(19) Å) and F9 (2.619(17) Å). F2 also makes 
four short intramolecular contacts, to F4 (2.84(2) Å), F6 (2.63(2) Å), F7 
(2.83(2) Å), and F8 (2.626(18) Å). F3 makes short contacts to F5 (2.65(2) 
Å) and F6 (2.70(2) Å). F4 makes a short contact to F7 (2.64(2) Å). 
There are also a several intermolecular F···F contacts, resulting in the 
presence of a fluorous domain within the crystal structure (Figure 4.19). F1 
makes a short contact to F5 (3.062(17) Å), as does F2 (2.97(2) Å) on 
different neighbouring residues. F6 makes short contacts to F7 (3.08(2) Å) 
and F9 (2.83(2) Å), again on different residues. 
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Figure 4.19: ORTEP174 representation of the crystal packing on the z-
direction, showing the fluorous region and offset pi-stacking in 33. 
The data allows for estimation of the cone angle of the phosphine, and it is 
calculated to be 179.5°, suggesting that this phosphine has a large steric 
demand, and appears to be very similar in size to the perfluoroisopropyl 
group. 
4.3.6 Se=PPh2(cyc-C6F11) (34) 
Refluxing 19 in toluene in the presence of elemental selenium (Scheme 4.6) 
in a manner analogous to that described above results in the formation of a 
white solid after work-up. 
 
Scheme 4.6: Reaction of 19 with elemental selenium. 
The 31P{1H} NMR spectrum (Figure 4.20) of the resulting white solid displays 
a doublet centred at δ 34.3 ppm (2JPF = 41.6 Hz), with characteristic 
77Se 
satellites (1JPSe = 836.7 Hz). 
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Figure 4.20: Expansion of the signal observed at δ 34.3 ppm in the 31P{1H} 
NMR spectrum of 34. 
The 19F NMR spectrum (Figure 4.21) of 34 displays the expected seven 
resonances; these are observed at δ -110.3, -121.8, -123.6, -124.5, -138.4, 
-141.8, and -175.2 ppm.  
 
Figure 4.21: 19F NMR spectrum of 34. 
All of the resonances are complex multiplets, and six of them occur at very 
similar chemical shifts to those observed for the free phosphine, 19, with 
only the fluorine atom bonded to the α-carbon altering by a significant 
amount, a shift of δ +10.6 ppm. This is comparable to the shift of the 
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equivalent fluorine atoms in 32 and 33, where the resonance moves 11.8 
ppm to higher frequency in both compounds. 
Crystals suitable for analysis by X-ray diffraction studies were grown by the 
slow evaporation of a solution of 34 in Et2O and hexane (1:1). Unfortunately, 
the crystals were of poor quality, resulting in a slightly high R factor of 
9.07%. Solution of the data resulted in the molecular structure shown in 
Figure 4.22.  
 
Figure 4.22: ORTEP174 representation of the molecular structure of 34. 
Thermal ellipsoids are shown at 30%, and hydrogen atoms omitted for 
clarity. 
This is only the fourth structure containing a perfluorcyclohexyl group to be 
characterised by X-ray diffraction according to searches of the CCDC 
database. The others being C6F11H,
243 C6F12,
243 bis((m2-1,5-
bis(C6F11)pentane-2,4-dionato-O-O-O’,F)-(m2-1,5-bis(C6F11)pentane-2,4-
dionato-O-O’,F)-lead(II)244 (Figure 4.23) and 2-(1-(C6F11)ethoxy)-2,5-dioxo-
4,4-bis(CF3)-6,7-benzo-1,3,2-dooxaphosphepine
245 (Figure 4.23), though 
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only the latter contains coordinates. This structure therefore represents the 
first where it is bound to phosphorus. 
 
Figure 4.23: Representation of bis((m2-1,5-bis(C6F11)pentane-2,4-dionato-O-
O-O’,F)-(m2-1,5-bis(C6F11)pentane-2,4-dionato-O-O’,F)-lead(II) (left) and 2-
(1-(C6F11)ethoxy)-2,5-dioxo-4,4-bis(CF3)-6,7-benzo-1,3,2-dioxaphosphepine 
(right). 
As can clearly be seen in Figure 4.22, the –P(Se)Ph2 group occupies an 
equatorial position on the ring, as expected based on its size relative to a 
fluorine atom. Compound 34 crystallises in the monoclinic space group P21/c, 
and there are two asymmetric molecules in the unit cell, and eight in total. 
The Se–P distances are identical, within experimental error (2.87(4) and 
2.91(4) Å), and are slightly longer than observed in 32 and 33. The P–CF 
distances (1.906(13) and 1.908(14) Å) are again longer than the P–CAr 
distances (1.819(13), 1.807(12), 1.814(12), and 1.815(13) Å) as observed 
in 15, 29, 31, and 32. The longest C–F bonds in both molecules are from 
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the α-carbon to F1 and F12 (1.403(13) and 1.398(14) Å). The low accuracy 
of the C–F bonds is due to the poor quality of the crystal and makes further 
comparison of the C–F distances meaningless, as many of them are the same 
within experimental error. The longest C–F bond in 2-(1-(C6F11)ethoxy)-2,5-
dioxo-4,4-bis(CF3)-6,7-benzo-1,3,2-dooxaphosphepine is also the αC–F bond, 
and the remainder are all very similar in length.245 
Bond Length (Å) Bond Length (Å) 
Se1–P1 2.091(4) Se2–P2 2.087(4) 
P1–C1 1.906(13) P2–C19 1.908(13) 
P1–C7 1.807(12) P2–C25 1.814(12) 
P1–C13 1.819(13) P2–C31 1.815(13) 
C1–F1 1.403(13) C19–F12 1.398(14) 
C2–F2 1.338(13) C20–F13 1.355(15) 
C2–F3 1.325(13) C20–F14 1.337(14) 
C3–F4 1.358(15) C21–F15 1.359(14) 
C3–F5 1.376(16) C21–F16 1.352(14) 
C4–F6 1.352(15) C22–F17 1.361(15) 
C4–F7 1.370(15) C22–F18 1.323(14) 
C5–F8 1.366(15) C23–F19 1.327(15) 
C5–F9 1.336(14) C23–F20 1.363(15) 
C6–F10 1.382(14) C24–F21 1.368(14) 
C6–F11 1.339(14) C24–F22 1.325(15) 
Table 4.8: Selected bond lengths in compound 34. 
The torsion angles of the Se–P–C–F bonds are 174.1(6) and 174.7(6)°, with 
the C–F bond being anti to the P–chalcogen bond, as observed in 29, 31, 32 
and 33. The Se–P–C angles are smallest to the fluorinated fragment 
(112.1(4) and 112.6(4)°), though they are much closer to the Se–P–CAr 
angles in this compound than in 32 and 33. 
Bond Angle(°) Bond Angle(°) 
Se1–P1–C1 112.1(4) Se2–P2–C19 112.6(4) 
Se1–P1–C7 114.4(4) Se2–P2–C25 114.1(4) 
Se1–P1–C13 114.3(4) Se2–P2–C31 113.4(4) 
Table 4.9: Selected bond angles in compound 34. 
There are twenty intramolecular fluorine–fluorine contacts within residue 
one, and twenty four F···F interactions in residue two that are shorter than 
the sum of the van der Waals’ radii (there are several more that are slightly 
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greater than the sum of the van der Waals’ radii). These interactions are 
likely due to the geometry of the perfluorocyclohexyl group. 
Atom Se1 makes two short intermolecular contacts to hydrogen atoms (H10 
and H11) on a neighbouring residue (2.99 and 3.27 Å respectively, sum of 
van der Waals’ radii is 3.10 Å). Se1 makes a contact to a neighbouring Se1 
atom of 3.3747(19) Å (sum of van der Waals’ radii is 3.80 Å). There are 
three F···H intermolecular interactions less than the sum of the van der 
Waals’ radius, at 2.55 (1), 2.56(1) and 2.64(1) Å from residue one. 
Atom Se2 also makes two intermolecular contacts to hydrogen atoms (H30 
and H36) on a neighbouring residue (2.78 and 2.75 Å respectively), but does 
not make a contact to another Se atom. Atoms H28, H30 and H33 make 
short contacts to neighbouring fluorine atoms of 2.64(1), 2.55(1), and 
2.56(1) Å. 
There are fluorous domains within the crystal packing, as can be seen in 
Figure 4.24. Residue 1 makes a total of nine F···F interactions to four 
neighbouring residues (the shortest of which is 2.719(10) Å) whereas residue 
two makes a total of eight intermolecular F···F contacts to five different 
residues (the shortest being 2.968(11) Å). There are also some pi-stacking 
interactions in the z-direction (Figure 4.24). There are a variety of 
interactions within the crystal packing of 34, with no particular interaction 
dominating. 
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Figure 4.24: ORTEP174 representation of the crystal packing of 34 looking in 
the z-direction. 
The cone angle of Ph2P(cyc-C6F11) derived from the selenide is estimated to 
be 183°, which suggests that the perfluorocyclohexyl group imparts a similar 
steric demand to the –CF(CF3)2 and sec-(C4F9) moieties. Compared with the 
cone angle calculated from the non-fluorinated analogue, Ph2P(Se)Cy, of 
168.4°246 the perfluorocyclohexyl group is sterically more demanding than a 
cyclohexyl group.  
4.3.7 Se=PPh2CF3 (35) 
The phosphine Ph2PCF3, was oxidised to the phosphorus(V) selenide in a 
manner analogous to that described above (Scheme 4.7). 
 
Scheme 4.7: Reaction of 16 with elemental selenium. 
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The 31P{1H} NMR spectrum of 35 (see Figure 4.25) displays a binomial 
quartet at δ 39.3 ppm (2JPF = 84.4 Hz), with 
77Se satellites (1JPSe = 816.0 
Hz). The chemical shift difference between the free phosphine and its 
selenide is ca. 37 ppm, comparable to the ∆δ observed in compounds 32-34. 
 
Figure 4.25: Expansion of the signal observed at δ 39.3 ppm in the 31P{1H} 
NMR spectrum of 35, with 77Se satellites. 
The 19F NMR spectrum displays a doublet in the CF3 region, centred at δ -
66.6 ppm (2JPF = 84.5 Hz), as would be expected for 35. The 
77Se{1H} NMR 
spectrum displays a doublet, at δ -364.2 ppm (1JPSe = 816.0 Hz). Unlike in 
the secondary fluoroalkyl-containing compounds, the fluorine chemical shift 
has moved in the opposite direction relative to the free ligand, ∆δ of -11.6 
ppm. 
4.4 Comparison of 1JPSe Coupling Constants 
As discussed earlier, the magnitude of P-Se coupling constants can be used 
as a measure of the electronic properties of a phosphine, with a good 
correlation with the carbonyl stretching frequency of [Ni(CO)3L] systems that 
have been used historically. Large 1JPSe coupling constants correspond to 
electron-poor phosphines, as shown Table 4.10, which lists 1JPSe coupling 
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constants for the phosphine selenides described above and some related 
examples.247248249 
Se=PR3 
1JPSe/Hz Ref. 
Se=PMe3 684 39
 
Se=PPh3 732 37 
Z-Ph2P(Se)(CF=CF
tBu), 6 764 This work 
Ph2P(Se)(CF=CF2) 785 121 
Ph2P(Se)OMe 788 247 
Ph2P(Se)OEt 796 248 
Ph2P(Se)CF3, 35 816 This work 
Ph2P(Se)CF(CF3)2, 32 828 " 
Ph2P(Se)CF(CF3)(C2F5), 33 831 " 
Ph2P(Se)(C6F11), 34 837 " 
PhP(Se)(CF=CF2)2 848 121 
PhP(Se)(OMe)2 881 247 
Se=P(OMe)3 955 249 
Table 4.10: Selected 1JPSe coupling constants in a series of phosphine 
selenides. 
The 1JPSe coupling constants for the perfluoroalkyl containing phosphines 15, 
16, 18, and 19 are quite similar – suggesting that despite altering the bulk 
of the Rf group the electronic effect does not change significantly. 
Interestingly, the 1JPSe coupling constant for all of the secondary fluoroalkyl 
groups is greater than for the CF3-containing analogue. These data suggest 
that the presence of an Rf group on the α-carbon has a more profound 
electron withdrawing effect than a fluorine atom in the same position – 
though the added bulk may significantly influence the change in the 
magnitude of the coupling constant, as this will alter the s character of the 
phosphorus centre, and hence the effect on the P=Se bond. As expected, the 
perfluoroalkyl groups appear to be far more electron withdrawing than 
perprotio groups, and decidedly more electron-withdrawing than the 
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perfluorovinyl groups. They also appear to have a greater effect on the 1JPSe 
coupling constant than alkoxy moieties.  
4.5 F2PPh2Rf Compounds 
As part of the investigation into the chemistry and properties of 
perfluoroalkyl-containing phosphines, the reaction of them with XeF2 was 
studied in an NMR tube under an inert atmosphere (Scheme 4.8). 
 
Scheme 4.8: Oxidation of fluoroalkyl phosphines with XeF2. 
4.5.1 F2PPh2CF(CF3)2 (36) 
The 31P{1H} NMR spectrum recorded after the addition of approx. 0.25 
equivalents of XeF2 to a CDCl3 solution of 15 contained two resonances; a 
doublet of septets at δ -0.8 ppm corresponding to unreacted 15, and a new 
signal at δ -58.4 ppm. Further portions of XeF2 crystals were added until the 
signal corresponding to 15 could no longer be detected. The 31P{1H} NMR 
spectrum (Figure 4.26 and Figure 4.27) only contained the resonance at δ -
58.4 ppm which is observed as a binomial triplet of doublet of septets (see 
Figure 4.26), consistent with the formation of 36, and has the coupling 
constants 1JPF = 805.2 Hz, 
2JPF = 82.6 Hz and 
3JPF = 4.7 Hz. 
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Figure 4.26: Expansion of the signal observed at δ -58.4 ppm in the 31P{1H} 
NMR spectrum of 36. 
 
Figure 4.27: Expansion of the major triplet signal in the 31P{1H} NMR 
spectrum of 36. 
The 19F NMR spectrum also confirms the formation of 36, with the expected 
three resonances present in the spectrum; these are observed as multiplets 
at δ -53.8, -69.8, and -173.1 ppm. 
The signal observed at δ -173.1 ppm in the 19F NMR spectrum is a binomial 
doublet of triplet of septets, with coupling constants of 2JPF = 82.6 Hz, 
3JFF =
 
20.7, and 3JFF = 7.5 Hz (see Figure 4.28), and on the basis of the chemical 
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shift position and coupling constants is therefore assigned as the unique 
fluorine nucleus attached to the α-carbon. 
 
Figure 4.28: Expansion of the signal observed at δ -173.1 ppm in the 19F NMR 
spectrum of the reaction between 15 and XeF2. 
The signal observed at δ -69.8 ppm (see Figure 4.29) is a triplet of doublet 
of doublets (with coupling constants of 4JFF = 10.4, 
3JFF = 7.5, and 
3JPF = 4.7 
Hz) with six times the relative intensity of the signal at δ -173.1 ppm, and as 
such is assigned as the signal corresponding to the CF3 groups.   
 
Figure 4.29: Expansion of signal observed at δ -69.8 ppm in the 19F NMR 
spectrum of 36. 
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The remaining resonance in the 19F NMR spectrum occurs at δ -53.8 ppm, 
and is a widely separated overlapping doublet of doublet of septets (see 
Figure 4.30) with 1JFP = 805.9, 
3JFF = 20.7, 
4JFF = 10.4 Hz and this is assigned 
to the two fluorine nuclei bonded directly to the phosphorus centre. 
 
Figure 4.30: Expansion of the signal occurring at δ -53.8 ppm in the 19F NMR 
spectrum of 36. 
There is also a very small peak observed at δ -69.1 ppm, which is in exactly 
the same position as the CF3 resonance of 29, suggesting that some 
O=PPh2CF(CF3)2 is also formed, which most likely arises from the hydrolysis 
of 36 with adventitious moisture. 
4.5.2 F2PPh2(sC4F9) (37) 
In the same manner as that described in Section 4.5.1, XeF2 was added to a 
CDCl3 solution of 18 (Scheme 4.9) until no signals corresponding to the 
starting phosphine could be detected. 
 
Scheme 4.9: Reaction between XeF2 and 18. 
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The 31P{1H} NMR spectrum recorded after the addition of XeF2 to 18 shows 
the growth of a new signal centred at δ -56.3 ppm, similar to that observed 
in the spectrum to 36; it is a very complex triplet of doublets of multiplets, 
with 1JPF = 821.5 Hz, and 
2JPF = 84.5 Hz. 
 
Figure 4.31: Expansion of the signal at δ -56.3 ppm in the 31P{1H} NMR 
spectrum of F2PPh2(
sC4F9), 37. 
The 19F NMR spectrum of this compound contains six complex resonances, 
centred at δ -53.0, -67.8, -80.2, -112.8, -116.1 and -171.0 ppm. The signals 
centred at δ -112.8, and -116.1 ppm both show slight second order 
signposting, as the chemical shift difference (~1240 Hz) is less than five 
times the coupling constant (2JFF = 300.1 Hz). The effect is similar to that 
observed for the “free” phosphine, 18 and decidedly less than in the 
phosphorus(V) selenide, 33. The signal for the unique fluorine is observed at 
δ -171.0 ppm (see Figure 4.32); it is a complex doublet-based pattern. 
177 
 
 
Figure 4.32: Expansion of the signal observed at δ -171.0 ppm in the 19F NMR 
spectrum of 37, assigned to the unique fluorine. 
The signal observed at δ -53.0 ppm in the 19F NMR spectrum of 37 is a broad 
doublet, with a coupling constant of 821.5 Hz which is shared with the signal 
in the 31P{1H} NMR spectrum. The 19F NMR chemical shift and magnitude of 
the coupling constant are indicative of fluorine nuclei directly bound to a 
phosphorus centre, and thus it is assigned to the P–F fluorine atoms. 
Taken together, the multinuclear NMR data confirms the successful synthesis 
of 37. 
Interestingly, the magnitude of the 2JPF coupling constant has increased in 
the F2PPh2Rf relative to the “free” phosphines, unlike those observed for the 
chalcogenides, where it has decreased (~85 Hz vs. ~70 Hz vs. ~50 Hz 
respectively). This suggests that oxidation state of the phosphorus centre is 
not the only factor influencing the P–F coupling constants, with the geometry 
of the molecule and the effect that this has on the % s character of the P–C 
bond appearing also to have a significant effect.  
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5. Coordination Chemistry of Fluoroalkyl Phosphines 
This chapter is concerned with the coordination chemistry of the newly 
prepared phosphines described in Chapter 4. It also deals with data derived 
from those complexes, such as the most common method of quantifying the 
steric parameters of phosphines, the cone angle. 
5.1 Platinum(II) Complexes 
5.1.1 trans-[PtCl2{PPh2CF(CF3)2}2] (38) 
The reaction of two equivalents of phosphine with K2[PtCl4] in an ethanol-
water mixture (see Scheme 5.1) afforded a yellow solid after work-up.  
 
Scheme 5.1: Reaction of 15 with K2[PtCl4]. 
The 31P{1H} NMR spectrum of the yellow solid in  CDCl3 isolated from the 
reaction showed the presence of some unreacted 15, and a new resonance 
at δ 24.0 ppm, which appears as a “virtual” triplet (J = 29.5 Hz). This 
phenomenon is observed in trans-isomers of such complexes, and arises 
where both phosphorus nuclei interact strongly, resulting in the 
measurement of an apparent coupling constant, corresponding to ½|2JPF + 
4JPF|. The signal also displays 
195Pt satellites (I = ½, 33%, 1JPtP = 2986 Hz); 
the magnitude of which also suggests the formation of the trans-isomer (cis-
isomers typically have 1JPtP coupling constants between 3200–3500 Hz, 
whereas the trans-isomers are typically quoted to have 1JPtP values between 
2000–2500 Hz;250 however, this upper limit is not especially accurate, given 
the number of trans-complexes that are known to have a larger 1JPtP coupling 
constant, and a better range would be 2000–3000 Hz). The value obtained is 
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rather larger than those found in analogous complexes bearing electron rich 
species (see Table 5.1), but very similar to that reported for the trans-
complex of Ph2PC2F5.
100 
Phosphine 1JPtP Reference 
Ph2PCF(CF3)2, 15 2986 This work 
PPh3 2637 
251 
PiPr3 2415 
252 
Ph2PC2F5, 17 2945 
100 
Table 5.1: Comparison of 1JPtP coupling constants for trans-[PtCl2L2]. 
The 19F NMR spectrum of 38 displays two resonances, at δ -172.0 and -66.5 
ppm. Integration of these peaks shows that they have a relative intensity of 
6:1, consistent with the perfluoroisopropyl moiety. The signal at δ -172.0 
ppm is observed as a “virtual” triplet of septets, where the triplet coupling is 
½|2JPF + 
4JPF| = 29.5 Hz, and the septet coupling is 9.5 Hz (see Figure 5.1). 
These data are consistent with the formation of trans-[PtCl2{PPh2CF(CF3)2}2], 
38. 
 
Figure 5.1: Expansion of the signal corresponding to the unique fluorine in 
the 19F NMR spectrum of 38. 
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Confirmation of the geometry of 38 was obtained when crystals suitable for 
analysis by X-ray diffraction studies were grown via the slow evaporation of a 
mixture of dichloromethane and hexane. Solution of the data yielded the 
molecular structure shown in Figure 5.2, and selected bond lengths and 
angles are given in Table 5.2 and Table 5.3 respectively. 
 
Figure 5.2: ORTEP174 representation of the molecular structure of 38. 
Thermal ellipsoids are shown at 50% (hydrogen atoms have been omitted 
for clarity).  
[PtCl2{PPh2CF(CF3)2}2] crystallises in the P1¯  space group, and there are two 
molecules in the asymmetric unit (see Figure 5.3) both of which have a 
centre of inversion about the metal. 
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Figure 5.3: ORTEP174 representation of the contents of the unit cell of 
compound 38. Thermal ellipsoids shown at 50% (hydrogen atoms have been 
omitted for clarity). 
The Pt–P bond distances are different within the two molecules (2.3223(16) 
Å and 2.3417(16) Å), but the Pt–Cl distances are the same, within 
experimental error (2.3422(16) Å and 2.3448(16) Å). These bond distances 
are comparable to those found in the closest structural analogues of this 
compound, which are the trans-dichloroplatinum complexes of Ph2PC2F5, 17, 
(Pt–P and P–Cl distances of 2.2961(13) and 2.3070(12) Å respectively),100 
and PhP(CF2CF3)2 (Pt–P and P–Cl distances of 2.2916(12) and 2.3002(12) Å 
respectively).100 The P–CF distances are identical between the molecules, 
whilst the other P–C distances differ slightly between the two molecules in 
38. As observed in the molecular structure of the free phosphine 15, and the 
chalcogenides 29, 31, 32, the longest C–F bond in the molecule is from the 
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α-carbon to the unique fluorine (average dist. 1.376(11) Å). As was observed 
in the 32 (the selenide of 15), the carbon-fluorine bond lengths in the CF3 
groups are very similar, and do not show the variation seen in 15 and the 
oxide, 29. 
Bond Length (Å) Bond Length (Å) 
Pt1-Cl1 2.3422(14) Pt2-Cl2 2.3448(14) 
Pt1-P1 2.3223(16) Pt2-P2 2.3417(16) 
P1-C1 1.933(7) P2-C16 1.927(7) 
P1-C4 1.808(6) P2-C19 1.822(5) 
P1-C10 1.809(5) P2-C25 1.823(6) 
C1-C2 1.521(9) C16-C17 1.563(11) 
C1-C3 1.559(9) C16-C18 1.547(10) 
C1-F1 1.372(8) C16-F8 1.381(8) 
C2-F2 1.336(8) C17-F9 1.345(9) 
C2-F3 1.341(8) C17-F10 1.308(9) 
C2-F4 1.340(7) C17-F11 1.339(8) 
C3-F5 1.326(8) C18-F12 1.332(9) 
C3-F6 1.329(8) C18-F13 1.335(8) 
C3-F7 1.338(7) C18-F14 1.318(9) 
Table 5.2: Selected bond lengths in compound 38. 
The Cl-Pt-P bond angles (98.78(5)° and 82.29(5)°) show that both of the 
unique molecules have a distorted square planar arrangement. Unlike in the 
solid state structures of 15 and its chalcogenides, in 38 the α C–F is not anti 
to the Pt – P bond, having torsion angles of 40.4(8)° and 38.7(5)°. 
Bond Angle (°) Bond Angle (°) 
Cl1-Pt1-P1 98.78(5) Cl2-Pt2-P2 82.29(5) 
Pt1-P1-C1 116.5(2) Pt2-P2-C16 115.9(2) 
Pt1-P1-C4 113.38(19) Pt2-P2-C19 111.4(2) 
Pt1-P1-C10 108.0(2) Pt2-P2-C25 111.75(18) 
P1-C1-F1 107.8(4) P2-C16-F8 106.2(4) 
Table 5.3: Selected bond angles in compound 38. 
Short intramolecular contacts are observed within the perfluoroisopropyl 
unit, from F1 to F3 and F7 (2.549(5) Å and 2.538(5) Å respectively); atom 
F8 also has short distances to F10 and F14 (2.580(6) Å and 2.546(5) 
respectively). These are consistent with the structures of the free phosphine 
15, and the chalcogenides 29, 31, and 32. 
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There are intermolecular contacts between the two residues, notably F4-F14 
(2.794(6) Å), F3-F11 (2.708(6) Å), F12-H14 (2.39 Å) and Cl2-H14 (2.73 Å). 
None of these are particularly short compared with the sum of their 
respective van der Waals’ radii, and are probably a result of the crystal 
packing, rather than any particular interaction. Compound 38 stacks in the 
x-direction, with a pi-stacking interaction (see Figure 5.4, with the shortest 
centroid to centroid distance being 4.132(4) Å. 
 
Figure 5.4: ORTEP174 representation showing the pi-stacking interaction in 
the crystal lattice in the x-direction of 38. 
Estimates of the cone angle of Ph2PCF(CF3)2 have been obtained from this 
data using the program STERIC,162 which calculates that the two molecules in 
the unit cell have slightly differing values of 163.5° and 158.9°, giving an 
average cone angle value of 161.2°. 
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5.2 Gold(I) Complexes 
The synthesis of a series of gold(I) phosphine complexes was investigated, 
by the reduction of the gold(III) salt, K[AuCl4] with two equivalents of 
tetrahydrothiophene (tht) in an ethanol/water mix, to afford [AuCl(tht)]. The 
labile tht ligand is then readily replaced by one equivalent of the phosphine 
in DCM solution (see Scheme 5.2). The linear gold(I) complexes should allow 
the phosphine to occupy the largest possible volume of space, thus giving an 
estimate of the upper limit of its steric bulk. 
 
Scheme 5.2: Formation of gold(I) phosphine complexes. 
All three complexes, 39-41, were readily isolated as white solids following 
the removal of the volatiles in vacuo, and the resulting 31P{1H} NMR 
spectroscopic data is summarised in Table 5.4. 
Compound δP/ppm ∆δP/ppm J/Hz 
[AuCl{PPh2(CF3)}], 39 30.6 +28.1 q, 
2JPF = 83.6 
[AuCl{PPh2CF(CF3)2}], 40 37.3 +38.1 dm, 
2JPF = 39.5 
[AuCl{PPh2(sec-C4F9)}], 41 39.9 +36.7 m  
Table 5.4: 31P{1H} NMR spectroscopic data and coupling constants for 
complexes 39-41. 
The signals observed for complexes 40 and 41 are complex multiplets. 
However, for 39 the P–F coupling constant is resolved. Interestingly, the 
magnitude of the 2JPF coupling constant in 39 is larger than that observed in 
the free ligand (83.1 Hz vs 74.0 Hz). However, in the secondary fluoroalkyl-
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containing phosphines the 2JPF coupling constant has decreased (from ~70 to 
~40 Hz). The phosphorus signals of all three complexes have shifted to a 
higher frequency compared with the starting phosphines, consistent with that 
observed for other complexes of this nature, for example, when the 
phosphine is Ph2P(CF=CF)2 or PhP(CF=CF2)2, the changes in δ upon 
coordination to gold are 38.6 and 43.7 ppm respectively.36  
The 19F NMR spectra of these complexes are consistent with expectations, 
and are summarized in Table 5.5. 
Compound δF/ppm J/Hz 
[AuCl{PPh2(CF3)}], 39 -57.6 d, 83.1 
[AuCl{PPh2CF(CF3)2}], 40 -67.4 
-180.9 
dd, 8.5, 8.5 
br. d, 39.5 
[AuCl{PPh2(sec-C4F9)}], 41 -65.7 
-79.9 
-107.3 
-111.6 
-179.8 
m 
m 
m 
m 
m 
Table 5.5: 19F NMR spectral data for compounds 39-41. 
All three compounds produced crystals of sufficient quality to be analysed by 
X-ray diffraction studies, and these data provided further confirmation of the 
formation of the title compounds. 
5.2.1 [AuCl{PPh2(CF3)}] (39) 
This compound crystallises in the orthorhombic space group Pna21, with a 
total of four molecules in the unit cell. The asymmetric unit is shown in 
Figure 5.5, and a selection of bond lengths and angles are listed in Table 5.6 
and Table 5.7 respectively. 
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Figure 5.5: ORTEP174 representation of the asymmetric unit of 39. Hydrogen 
atoms are omitted for clarity with thermal ellipsoids shown at 50%. 
The Au1–P1 bond length is 2.216(6) Å which is similar to that reported for 
the complex [AuC{PPh(CF=CF2)2}], which has Au–P distances of 2.216(2) Å 
and 2.218(2) Å (there are two residues in the unit cell). The distance is 
shorter than is observed in [AuCl(PPh3)] (d(Au-P) = 2.235(3) Å, which is 
typical of the average Au–P distance of 2.236 Å observed for all structures 
containing trialkyl- and triaryl- phosphines.253,254 The distance, although 
short, is not quite as short as observed in phosphite and fluorophosphine 
complexes, such as [AuCl{P(OPh)3}] (d(Au-P) = 2.195(5) Å, and in the air-
sensitive chloro[(2,5-dimethylphenyl)difluorophosphine]gold(I) complex 
(d(Au-P) = 2.188(2) Å). The Au–Cl distance in 39 at 2.273(6) Å is very 
similar to those reported for [AuCl{PPh(CF=CF2)2}], [AuCl(PPh3)], 
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[AuCl{P(OPh)3}] and chloro[(2,5-dimethylphenyl)difluorophosphine]gold(I) 
complex (d(Au-Cl) = 2.282(2) Å, 2.279(3) Å, 2.273(5) Å, and 2.281(3) Å 
respectively).36,253,255  
Bond Distance (Å) Bond Distance (Å) 
Au1-Cl1 2.273(6) P1-C8 1.798(18) 
Au1-P1 2.216(6) C1-F1 1.34(2) 
P1-C1 1.87(2) C1-F2 1.32(2) 
P1-C2 1.793(19) C1-F3 1.39(2) 
Table 5.6 Selected bond lengths in 39. 
The angle created by the Au-P-C bonds is smallest to the fluorinated 
fragment, as can be seen from the data in Table 5.7.  
Bonds Angle (°) Bond Angle(°) 
Cl1-Au1-P1 178.9(2) P1-C1-F1 115.3(13) 
Au1-P1-C1 107.7(6) P1-C1-F2 112.5(13) 
Au1-P1-C2 116.1(7) P1-C1-F3 110.4(13) 
Au1-P1-C8 115.6(7) 
Table 5.7: Selected bond angles observed in 39. 
There is a short contact of 2.42 Å between F7 and H1 (0.25 Å shorter than 
the sum of the van der Waals’ radii), and the chlorine atom appears to form 
a bifurcated H-bond to H5 and H13 of a neighbouring residue, though these 
contacts at 3.09 and 2.98 Å are very close to the sum of the van der Waals’ 
radii (2.95 Å). There are no classical hydrogen bonds present. There also 
appears to be some offset face-to-face aryl interactions, and these 
interactions appear to be responsible for the crystal packing. No significant 
gold-gold interactions are apparent in this complex (the shortest gold-gold 
distance is 5.196 Å), though looking down the x-direction pairs of 39 adopt a 
“crossed swords” packing motif (Figure 5.6), which is commonly observed in 
systems which exhibit aurophilic interactions. 
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Figure 5.6: Crystal packing looking in down the x-direction in the solid state 
structure of 39. 
From the X-ray structural data, it is possible to estimate the size of the cone 
angle of the ligand, which is calculated to be 105°. This is significantly 
smaller than the value of 142° that was reported by Tolman,40 derived from 
the measurement of space-filling models. However, later work suggests that 
the size of CF3-containing phosphines may have been overestimated.
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5.2.2 [AuCl{PPh2CF(CF3)2}] (40) 
Crystals of 40 were grown via the slow evaporation of the solvent from a 
DCM solution of 40. Solving the X-ray diffraction data for 40 yielded the 
molecular structure shown in Figure 5.7, selected bond lengths/angles are 
given in Table 5.8 and Table 5.9 respectively and the X-ray collection 
parameters can be found in Section 7. 
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Figure 5.7: ORTEP174 representation of the molecular structure of 40 
Hydrogen atoms have been omitted for clarity and thermal ellipsoids are 
shown at 30%. 
This complex crystallises in the monoclinic space group C2/c, and contains 
eight molecules in the unit cell. Unfortunately, the quality of the crystal was 
poor, resulting in an R factor of 10.65%. The Au1-P1 distance is somewhat 
longer than in 39 at 2.243(5) Å, and also longer than the average bond 
observed in trialkyl- and triaryl- phosphines (2.236 Å, see above). Similarly, 
the Au1-Cl1 distance at 2.301(5) Å is longer than that found on average for 
the gold(I) phosphine chlorides. The poor quality crystal means that the 
precision on the C–F bonds is rather low, and as such apart from the C3–F7, 
bond, which is significantly shorter at 1.295(19) Å, the remainder are all the 
same within experimental error, 1.36(3) Å.  
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Bond Distance Bond Distance 
Au1-P1 2.243(5) C1-F1 1.37(2) 
Au1-Cl1 2.301(5) C2-F2 1.36(2) 
P1-C1 1.880(18) C2-F3 1.33(3) 
P1-C4 1.82(2) C2-F4 1.39(2) 
P1-C10 1.82(2) C3-F5 1.38(2) 
C1-F1 1.37(2) C3-F6 1.39(2) 
C1-C2 1.54(3) C3-F7 1.295(19) 
C1-C3 1.49(3) 
Table 5.8: Selected bond lengths in 40. 
There are several short intramolecular interactions between the fluorine 
atoms. F1 displays short contacts of 2.900(18) and 2.885(17) Å to F2 and F6 
respectively which are slightly shorter than twice the van der Waals’ radius of 
fluorine (2.94 Å), and also to F3 and F7 (2.582(17) and 2.539(16) Å 
respectively) which are considerably shorter than twice the van der Waals’ 
radius of fluorine. This is expected as intramolecular F···F interactions have 
been noted for compounds 15, 29, 32, and 38, and are presumably due to 
the size of the perfluoroisopropyl unit.  
Bonds Angle(°) Bond Angle(°) 
Cl1-Au1-P1 178.3(2) Au1-P1-C10 113.6(6) 
Au1-P1-C1 109.5(6) P1-C1-F1 110.6(12) 
Au1-P1-C4 113.4(7) 
Table 5.9: Selected bond angles in 40 
As Table 5.9 shows, the Cl-Au-P bond is practically linear, as expected, and 
as in 39 the smallest Au-P-C angle is to the fluorinated fragment at 109.5°. 
The α C–F bond is anti to the Au–P bond, with an Au1–P1–C1–F1 torsion 
angle of 167.1(11)°, a feature similar to those observed in 15, 29, 31, and 
32. 
The shortest Au···Au interaction is 4.501 Å, and whilst this is rather long, the 
crystal packing in the z-direction (Figure 5.8) suggests that pairs of 
molecules of 40 adopt a “crossed swords” motif, as previously observed in 
39. 
191 
 
 
Figure 5.8: Crystal packing in the z-direction of 40. 
There are some intermolecular interactions between the chlorine atom and 
two hydrogen atoms on neighbouring residues, H7 and H15 (2.86 and 3.01 Å 
respectively). There are also some fluorous domains within the crystal 
structure, though the shortest of the intermolecular F···F distances at 3.250 
Å is 0.31 Å longer than twice the van der Waals’ radius of fluorine (see Figure 
5.9). 
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Figure 5.9: Space-filling diagram showing the packing in 40. Carbon = grey, 
hydrogen = white, chlorine = green, fluorine = yellow-green, gold = purple, 
phosphorus = orange. 
The data gathered allows the cone angle for Ph2PCF(CF3)2 to be estimated; 
this is calculated to be 186°. This is a marked increase on the values 
calculated from the structural data gathered for 38 (avg. 161°), most likely 
due to less crowding of the coordination sphere in 40. The value is also 
larger than estimated from 31 (177.9°) and 32 (172.3°), though smaller 
than calculated from the phosphine oxide, 29 (201.9°). Compound 15 has a 
much larger cone angle than is estimated for 16 (105°), as might be 
expected when replacing two fluorine atoms for CF3 groups.  
5.2.3 [AuCl{PPh2(sC4F9)}] (41) 
Solution of the X-ray diffraction data recorded for a crystal of 41 grown by 
slow evaporation of a mixed DCM/Et2O solution resulted in the molecular 
structure shown in Figure 5.10.  
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Figure 5.10: ORTEP174 representation of the molecular structure of 41. 
Hydrogen atoms omitted for clarity and thermal ellipsoids are shown at 
50%. 
This complex crystallises in the monoclinic space group P21/c, and like 40 
contains eight molecules in the unit cell, with two molecules in the 
asymmetric unit. One of these molecules has a disordered 
perfluorosecondarybutyl group (Figure 5.11), whilst the other does not and is 
the (R)-enantiomer of the phosphine (Figure 5.10).  
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Figure 5.11: ORTEP174 representation of the disordered molecule in the 
asmmetric unit of 41, showing both the (R)-(white bond, grey carbon atoms, 
blue fluorine atoms) and (S)-enantiomers. Hydrogen atoms omitted for 
clarity and thermal ellipsoids shown at 40%. 
Figure 5.11 shows the modelling of the disordered perfluorosecondary butyl 
group across two sites, effectively showing both enantiomers of the 
phosphine (they are synthesised as a racemic mixture, and are C-chiral at 
the α-carbon). The black bonds correspond to the (S)-enantiomer, and 
accounts for approximately 2/3 of the crystal, whereas the white bonds show 
the (R)-enantiomer, and accounts for the remaining 1/3 of the crystal. 
Selected bond lengths for both the ordered and disordered molecules are 
listed in Table 5.10. 
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Disordered Ordered 
Bond Distance Bond Distance 
Au1-Cl1 2.3126(17) Au2-Cl2 2.2790(19) 
Au1-P1 2.233(2) Au2-P2 2.226(2) 
P1-C1 1.936(10) P2-C17 1.910(8) 
P1-C5 1.823(8) P2-C21 1.826(8) 
P1-C11 1.822(8) P2-C27 1.790(8) 
C1-F1 1.348(10) C17-F10 1.392(9) 
C2-F2  
C2b-F2b 
1.327(12) 
1.334(18) 
C18-F11 1.335(12) 
C2-F3 
C2b-F3b 
1.339(12) 
1.34(2) 
C18-F12 1.269(12) 
C2-F4 
C2b-F4b 
1.324(13) 
1.32(2) 
C18-F13 1.343(12) 
C3-F5 
C3b-F5b 
1.346(13) 
1.341(19) 
C19-F14 1.372(12) 
C3-F6 
C3b-F6b 
1.407(13) 
1.41(2) 
C19-F15 1.340(12) 
C4-F7 
C4b-F7b 
1.314(14) 
1.31(2) 
C20-F16 1.398(12) 
C4-F8 
C4b-F8b 
1.303(14) 
1.30(2) 
C20-F17 1.393(13) 
C5-F9 
C5B-F9b 
1.362(14) 
1.35(2) 
C20-F18 1.267(13) 
Table 5.10: Selected bond lengths in complex 41. The atoms labelled b are 
from the lower occupancy sites within the disordered molecule.  
The Au–P and Au-Cl bonds are slightly shorter in the ordered molecule than 
the disordered one. The P-CF bonds are longer than the P-CAr bonds, as seen 
in Table 5.10 above. Also, the two bond lengths for each C-F bond in the 
disordered molecule are identical (within experimental error), and are very 
similar to those observed in the ordered molecule, with the exceptions of 
C18-F12 and C20-F18, which are substantially shorter than the other C-F 
bonds. F18 makes two short contacts to two fluorine atoms in neighbouring 
residues (2.643 and 2.931 Å), though F12 only has a short intramolecular 
contact to F14 (2.710 Å).  
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Disordered Ordered 
Bond Angle (°) Bond Angle (°) 
Cl1-Au1-P1 179.50(7) Cl2-Au2-P2 178.18(7) 
Au1-P1-C1 110.3(3) Au2-P2-C17 108.4(3) 
Au1-P1-C5 113.7(3) Au2-P2-C21 115.2(3) 
Au1-P1-C11 114.4(3) Au2-P2-C27 114.8(3) 
P1-C1-F1 109.8(5) P2-C17-F10 109.4(5) 
P1-C1-C2 
P1-C1-C2b 
108.8(8) 
106.6(7) 
P1-C1-C3 
P1-C1-C3b 
113.0(6) 
112.3(8) 
Table 5.11: Selected bond angles in 41. The atoms labelled b are from the 
lower occupancy sites within the disordered molecule. 
The P-Au-Cl bonds are almost linear in both of the molecules in the 
asymmetric unit, as expected for this compound, and as seen in 39 and 40. 
Similarly, the smallest Au-P-C angle again involves the fluorinated fragment. 
The angles close to the metal centre show little variation between the 
ordered and disordered molecules. However, there appears to be some 
variation between the enantiomers observed in the disordered molecule, 
although it is generally small and probably due to crystal packing 
interactions. 
As in 40, the α C–F bond is anti to the P–Au bond, with torsion angles of 
175.8(4)° and 171.3(5)°, averaging 173.6(6)°.  
There are several intermolecular F···F interactions in the structure that are 
less than twice the van der Waals’ radius of fluorine, resulting in fluorous 
domains within the crystal (see Figure 5.12). There also appears to be a pair 
of bifurcated Cl-H interactions (2.824 and 2.857 Å) to hydrogen atoms on a 
neighbouring residue, and a Cl-F interaction (3.080 Å, sum of the van der 
Waals’ radii = 3.22 Å). As in 39 and 40 there are no significant aurophilic 
interactions, as the shortest Au-Au distance is 5.624 Å. 
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Figure 5.12: Space-filling diagram of the crystal packing of 41, illustrating 
the fluorous domains. 
The data collected also allows for an estimate of the steric bulk of these 
ligands, and from this data the cone angle of Ph2P(sec-C4F9), 18, is 
calculated to be 187°, slightly larger than Ph2PCF(CF3)2, 15, as would be 
expected based on the differences in the ligands. This value is larger than 
that estimated from the phosphine selenide, 33 (179.5°). Compounds 39, 
40, and 41 are the first tertiary perfluoroalkyl-containing phosphine gold(I) 
complexes to be structurally characterised, and 41 is the first structural 
determination of any complex bearing the Ph2P(sec-C4F9) ligand. 
5.3 Molydenum(0) complexes 
As discussed above, the IR stretching frequency of carbonyl complexes of a 
variety of metals have been used as an estimate of the electronic parameter 
of an array of ligands. Thus, the synthesis of [Mo(CO)5{PPh2(CF(CF3)2)}], 
42, was undertaken, so as to have more data with which to determine the 
properties of 15.  
198 
 
5.3.1 [Mo(CO)5{PPh2(CF(CF3)2}] (42)  
The reaction of 15 with [Mo(CO)5NCMe] (generated via the reaction of 
[Mo(CO)6] with Me3NO.2H2O), results in the formation of a brown oil. The 
31P{1H} NMR spectrum of this oil shows the growth of a new peak centred at 
δ 57.0 ppm, a shift of +57.8 ppm from 15. The signal is a binomial doublet 
of septets, and the coupling constants are slightly different in magnitude 
than observed for 15 (for example, the 2JPF coupling constant
 has increased 
slightly to 79.3 Hz from 74.0 Hz, whilst the 3JPF coupling has reduced from 
18.0 Hz to 3.1 Hz). The 19F NMR spectrum contains two new peaks compared 
with 15 (but of the same multiplicity), a doublet of doublets centred at δ -
65.7 ppm and a doublet of septets centred at δ -174.0 ppm. These data are 
consistent with the formation of [Mo(CO)5{PPh2CF(CF3)2}], 42. The IR data 
recorded for this compound shows that the A1 C≡O stretching frequency is 
2081 cm-1. This value can be compared with other, related phosphines (Table 
5.12) 
Phosphine v/cm-1 Ref 
PPh3 2072 190 
Cy2P(CF=CF2), 3 2073 This work 
Ph2P(CF=CF2) 2076 36 
tBuP(tfp)2 2079 186 
PhP(tfp)2, 7 2081 This work 
Ph2PCF(CF3)2, 15 2081 This work 
PhP(CF=CF2)2 2084 36 
PF3 2104 190 
Table 5.12: ν(CO) of [Mo(CO)5L] complexes. 
These data suggest that the CF(CF3)2 group is more electron withdrawing 
than the perfluorovinyl unit and the trifluoropropynyl unit, as expected since 
it is saturated with electron withdrawing fluorine atoms. The position of the 
ν(CO) frequency is as expected based on the magnitude of the 1JPSe coupling 
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constant observed for compound 32. Since the ν(CO) in [Mo(CO)5L] 
complexes can be estimated from the 1JPSe coupling constant. This suggests 
that both sets of data are reliable methods for assessing the electronic profile 
of phosphines. 
5.4 Stereoelectronic Profile 
The data described above allows us to place 3, 5-(Z), 15, 16, 18 and 19 on 
a stereoelectronic plot, as shown below in Figure 5.13. 
 
Figure 5.13: Stereoelectronic plot of PR3 compounds (TEP = Tolman 
Electronic Parameter). 
The chart shown in Figure 5.13 plots the cone angle versus the Tolman 
Electronic Parameter (TEP; the ν(CO) observed in the corresponding 
[Ni(CO)3L] complex). The TEP for the compounds shown in Figure 5.13 have 
been either taken directly from [Ni(CO)3L] data where available or calculated 
from one or more of the following datasets; ν(CO) in [Mo(CO)5L], 
[RhL2(CO)Cl], or 
1JPtP, 
1JPSe, and 
1JRhP coupling constants. 
The lack of compounds found in the upper right quadrant of the chart 
correlates very well with that reported by Cooney et al.,35 shown in Figure 
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1.8. The few compounds found in that region are fluoroaryl-containing 
phosphines, which were not considered in the report by Cundari and co-
workers.35 
The red points in Figure 5.13 correspond to the phosphines in this work – 
and as can be seen, phosphines 3 and 5-(Z) are shown to possess near 
identical electronic properties, with 3 having a slightly larger steric demand. 
Compounds 15, 18 and 19 are in the gap noted previously.35 The data also 
shows that altering the perfluoroalkyl fragment does not have a particularly 
marked effect on the electronic properties of the phosphine, but can alter its 
steric profile considerably. This illustrates the potential tunability of 
phosphorus(III) ligands. 
Further alteration of the R groups at the phosphorus centre, and the 
development of a widely applicable methodology to bis-perfluoroalkyl 
containing phosphines will allow the chemistry and potential utility of ligands 
with these stereoelectronic properties to be explored in detail. 
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6. Conclusions and Further Work 
This thesis describes the synthesis and properties of some sterically 
demanding fluorine-containing phosphines. The synthesis of Cy2P(CF=CF2) 
was accomplished followed by the subsequent coordination of this phosphine 
to palladium and platinum, and as a result shown to be the bulkiest 
perfluorovinyl phosphine known.  
The reaction of Ph2P(CF=CF2) with 
tBuLi results in the synthesis of both the 
cis and trans isomers of Ph2P(CF=CF
tBu), contrary to previous reports. The 
electronic properties of which has been further investigated via the synthesis 
of the phosphorus(V) selenide, and it is found to be less electron-
withdrawing than the starting phosphine Ph2P(CF=CF2), and very similar to 
3.  
The development of a new methodology to perfluoroalkyl phosphines has 
been achieved, utilising trimethylsilyl phosphines as a starting material. This 
synthetic procedure has resulted in the preparation of nine new and three 
known perfluoroalkyl-phosphines. These have all been fully characterised, 
including multinuclear NMR spectroscopy. The large scale synthesis of 
Ph2PCF(CF3)2, 15, and Ph2P(
sC4F9), 18, has shown that this route is capable 
of generating significant quantities of these new phosphorus(III) compounds. 
Compound 15 has also been characterised by x-ray diffraction studies, and is 
only the second perfluoroalkyl phosphine to be characterised in this manner. 
The sum of the C–P–C angles in 15 identifies it as the largest structurally 
characterised perfluoroalkyl phosphine.  
The mechanism by which this reaction proceeds has also been investigated. 
Ph2P–PPh2 has been shown to be the key intermediate formed in the first 
step, though precisely how this occurs remains unknown. The intermediate 
reacts with the perfluoroalkyl iodide at a rate which depends on the identity 
202 
 
of the perfluoroalkyl iodide (tertiary>secondary>>primary), forming the 
desired compounds and Ph2PI, but not in a 50:50 ratio, since Ph2PI is capable 
of reacting to generate further product. This interesting transformation 
deserves further investigation so as to elucidate exactly what is happening in 
this reaction.  
In the process of the mechanistic investigation, Me2P-P(S)Me2 was prepared 
and has been shown to have the potential as a starting material for the 
synthesis of Me2PRf compounds. This can be extended to a variety of R2P-
P(S)R2 compounds, and has been used for the formation of Me2PCF(CF3)2, 
28, another hitherto unknown compound. However, the Me2P- group imparts 
a similar volatility onto the Rf group as an iodine atom, making it very 
difficult to separate 28 from (CF3)2CFI. This has been noted by others in 
earlier syntheses of Me2PCF3.
68 
The oxidative properties of these compounds has been investigated, and it 
was found that they oxidise readily, despite the presence of the electron 
withdrawing group. Oxidation with selenium resulted in several 
phosphorus(V) selenides being produced, and the electronic profile of the 
phosphines were estimated via the 1JPSe coupling constants. The 
perfluoroalkyldiphenylphosphines 15, 16, 18, and 19 have been shown to be 
markedly more electron deficient than unsaturated fluoro-organo containing 
phosphines, and phosphines bearing an alkoxy group. Cone angles estimated 
from the phosphine selenides suggest that the steric demand of the 
fluoroalkyl fragments increases along the series CF(CF3)2<(
sC4F9)<(cyc-
C6F11). 
The coordination chemistry of the perfluoroalkyldiphenylphosphines 15, 16, 
and 18 has been investigated, resulting in the formation of complexes of the 
type [PtCl2L2], [ClAuL], and [Mo(CO)5L] (where L = phosphine). From these 
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more information regarding the electronic properties has been obtained. 
Furthermore, X-ray structural data of these complexes have been used to 
gain an insight into their steric parameters, alongside the data from the 
chalcogenides. Compound 16 has been shown to have a particularly small 
cone angle at 105°, whilst 15, 18 and 19 are much more sterically 
demanding, with average cone angles of 173°, 182°, and 183° respectively.  
The phosphines 15, 18 and 19 are located in the bulky electron-withdrawing 
void shown on the stereoelectronic plot of Cundari et al,35 as illustrated in 
Figure 5.13, whereas 16 has been shown to possess very similar electronic 
properties yet occupy a much smaller volume. 
Further investigation into these interesting ligands is clearly required, 
particularly with regard to their potential utility in catalysis. 
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7. Experimental 
All syntheses were carried out using standard Schlenk techniques under inert 
(N2) atmospheres unless otherwise stated. Air/moisture sensitive compounds 
were handled under argon in a glove box (Belle Technology, UK). Low 
temperature reactions were carried out using an ethanol bath with a closed 
cycle dip chiller (L.P. Technology, Leeds, UK), liquid nitrogen/ethanol slush, 
or solid carbon dioxide/acetone bath. 
Diethyl ether and THF (Fisher Scientific/Sigma-Aldrich) were dried over 
sodium/benzophenone for ca. 1 day and then freshly distilled prior to use, or 
dried over activated alumina columns on a specially designed Solvent 
Purification System (Innovative Technology, Inc., USA). Hexane (Fisher 
Scientific/Sigma-Aldrich) was dried over sodium wire for ca. 1 day and then 
freshly distilled prior to use. CF3I, C2F5I, 
nC3F7I, (CF3)2CFI, 
sC4F9I, 
tC4F9I, cyc-
C6F11I, and CF3CHFI (all Apollo Scientific), K[AuCl4], K2[PdCl4] and K2[PtCl4] 
(Johnson-Matthey), PhPH2 (Strem), P
nBu3, Li (3.2 mm diam. wire), 
nBuLi (2.5 
M in hexanes), tBuLi (1.5M in pentanes), MeLi (1.6 M in Et2O) (all Acros), 
[Mo(CO)6], Ph2PCl, PhPCl2, Ph2PMe, 
iPr2PCl, PPh3, PSCl3, Me3SiCl, CH3I, 
magnesium turnings, CDCl3, and d6-benzene (all Sigma-Aldrich) were 
purchased from commercial vendors and used as supplied. 
MesPCl2,
256 Mes2PCl,
257 Ph2P(CF=CF2),
36 iPr2P(CF=CF2),
121 Cy2P(CF=CF2),
121 
Ph2PSiMe3,
191
 PhP(SiMe3)2,
258
 and (Me2PS)2
228 were synthesized via literature 
methods.  
NMR data were recorded in CDCl3 unless stated otherwise. 
31P{1H}, 31P, and 
1H NMR spectra were recorded on a Bruker Avance III 400 MHz or a Bruker 
DPX200 spectrometer operating at 161.967 or 81.013 MHz, and 400.130 or 
200.131 MHz respectively. The chemical shifts quoted are referenced to 
external 85% H3PO4 and SiMe4. 
19F, 13C{1H} and 77Se{1H} NMR spectra were 
205 
 
recorded using a Bruker AVANCE III 400MHz spectrometer operating at 
376.461, 100.622, and 76.349 MHz and referenced externally to CFCl3, 
SiMe4, or selenophene respectively. IR spectra were recorded as nujol mulls 
on a Nicolet instrument, or as neat samples on Bruker Alpha-P or Perkin 
Elmer Spectrum-BX FT-IR spectrometers. Elemental analyses were 
performed by the school’s microanalsyis department. 
X-ray diffraction data was collected on a Bruker Nonius κ-CCD 4-circle or on 
an Oxford Excalibur 2 diffractometer, and were corrected for Lorentz, 
polarisation and absorption using the multi-scan method. The X-ray 
structural data were solved by direct methods, with full-matrix least-squares 
refinement of F2 using the SHELXL259 or SHELXTL259 programs. Non-hydrogen 
atoms were refined with anisotropic thermal parameters; hydrogen atoms 
were placed in idealised locations. The programs MERCURY260 and ORTEP174 
were used to investigate the structures and generate the graphical 
representations. 
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Table 7.1: Crystallographic data for compounds 11, 12, 15, 29, 31, 32, 33, 34, 38, 39, 40, 41. 
 11 12 15 29 31 32 
Formula C28Cl2F6H44P2Pd C28Cl2F6H44P2Pt C15F7H10P C15F7H10OP C15F7H10PS C15F7H10PSe 
Formula Weight 733.87 822.20 354.12 370.12 386.26 433.16 
Crystal System Triclinic Triclinic Monoclinic Triclinic Triclinic Triclinic 
Space Group P1¯  P1¯  P21/c P1¯  P1¯  P1¯  
a (Å) 11.2691(6) 11.2760(2) 8.9091(2) 6.5888(3) 7.1885(17) 7.2941(4) 
b (Å) 11.6674(6) 11.6583(2) 26.2430(6) 8.7148(5) 8.3926(18) 8.2588(4) 
c (Å) 14.9514(9) 14.9767(3) 6.3928(1) 13.8123(10) 13.682(4) 13.3659(7) 
α (°) 74.405(2) 74.5780(10) 90 77.966(2) 79.515(7) 80.973(4) 
β (°) 70.092(3) 70.0010(10) 99.406(1) 76.548(2) 79.362(9) 81.111(4) 
γ (°) 63.955(3) 63.9810(10) 90 81.291(2) 79.662(15) 79.561(4) 
Z 2 2 4 2 2 2 
V (Å3) 1644.00(16) 1646.86(5) 1474.55(5) 749.97(8) 788.6(3) 775.20(7) 
T/K 150(2) 150(2) 150(2) 150(2) 100 100 
Dc (g cm
_3) 1.483 1.659 1.595 1.639 1.627 1.856 
Crystal Size (mm) 0.25 x 0.04 x 
0.01 
0.07 x 0.18 x 
0.18 
0.15 x 0.15 x 
0.15 
0.14 x 0.14 x 
0.20 
0.10 x 0.10 x 
0.12 
0.08 x 0.4 x 
0.8 
µ (mm-1) 0.875 4.570 0.257 0.262 0.376 2.595 
2θ Range (°) 4.52 → 49.96 6.0 → 55.0 6.2 → 51.0 6.4 → 50 5.8 → 51.0 5.6  → 52.8 
Total Reflections 22106 7530 2736 2437 1366 5833 
Unique Reflections (Rint) 5820(0.091) 7530 (0.085) 2736 (0.047) 2437 (0.074) 1366 (0.056) 3145 (0.040) 
Obs. Reflections [I > 
2σ(I)] 
4101 5104 1979 1594 770 2753 
Parameters 357 355 208 217 217 217 
Final R Indices [I > 
2σ(I)] 
R1 0.0792 
wR2 0.1758 
R1 0.0531 
wR2 0.1407 
R1 0.0796 
wR2 0.2488 
R1 0.0847 
wR2 0.1860 
R1 0.0894 
wR2 0.2523 
R1 0.0384 
wR2 0.1014 
Max., Min. ∆ρ (eÅ-3) 1.313, -1.011 3.04, -3.02 0.92, -0.42 0.85, - 0.41 -0.31, 0.42 0.73, -0.94 
Goodness of Fit on F2 1.069 1.09 1.08 1.16 1.01 1.01 
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 33 34 38 39 40 41 
Formula C16F9H10PSe C18F11H10PSe C30Cl2F14H20P2Pt AuC13ClF3H10P Au1C15ClF7H10P Au1C16ClF9H10P 
Formula Weight 483.17 545.11 974.38 486.60 586.82 636.55 
Crystal System Monoclinic Monoclinic Triclinic Orthorhombic Monoclinic Monoclinic 
Space Group P21/c P21/c P1¯  Pna21 C2/c P21/c 
a (Å) 12.550(4) 13.1301(4) 10.5189(5) 9.1057(3) 16.0370(16) 14.8800(4) 
b (Å) 14.116(3) 32.6404(10) 13.1905(7) 13.7198(5) 11.7410(9) 15.7970(4) 
c (Å) 10.057(3) 9.1970(2) 13.2821(6) 11.2174(5) 19.3340(18) 15.9240(4) 
α (°) 90 90 109.012(4) 90 90 90 
β (°) 97.946(6) 105.187(1) 95.970(4) 90 109.717(4) 95.226(1) 
γ (°) 90 90 108.774(4) 90 90 90 
Z 4 8 2 4 8 8 
V (Å3) 1764.6(8) 3803.92(18) 1604.13(16) 1401.37(9) 3427.0(5) 3727.53 
T/K 100 100 100 100 100 100 
Dc (g cm
_3) 1.819 1.904 2.017 2.306 2.274 2.269 
Crystal Size (mm) 0.08 x 0.08 x 
0.12 
0.08 x 0.08 x 
0.20 
0.10 x 0.25 x 
0.40 
0.13 x 0.18 x 
0.18 
0.04 x 0.1 x 
0.14 
0.10 x 0.10 x 
0.18 
µ (mm-1) 2.306 2.166 4.745 10.484 8.628 8.207 
2θ Range (°) 6.2 → 41.8 6 → 50.8 5.6 → 52.8 6 → 50.8 7 → 50.8 6 → 50.8 
Total Reflections 5287 29344 15167 2415 2861 77002 
Unique Reflections (Rint) 1663 (0.304) 6944 (0.140) 6517 (0.052) 2415 (0.000) 2861 (0.000) 6827 (0.079) 
Obs. Reflections [I > 
2σ(I)] 
538 3240 4332 1908 1619 5075 
Parameters 244 559 445 174 226 495 
Final R Indices [I > 
2σ(I)] 
R1 0.0775 
wR2 0.2095 
R1 0.0907 
wR2 0.2510 
R1 0.0334 
wR2 0.0698 
R1 0.0631 
wR2 0.1507 
R1 01065 
wR2 0.2475 
R1 0.0580 
wR2 0.1688 
Max., Min. ∆ρ (eÅ-3) -0.47, 0.45 -1.21, 1.03 1.43, -0.93 5.19, -2.65 5.39, -2.77 2.12, -2.62 
Goodness of Fit on F2 0.85 1.17 0.96 1.15 1.27 1.03 
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7.1 Unsaturated Fluoroorgano-Containing Phosphines 
7.1.1 Fluorovinyl Phosphines 
MesP(CF=CF2)2, 1 
HFC-134a (4.5 cm3, 52.9 mmol) was dissolved in Et2O (150 cm
3) at -85°C, 
followed by the addition of nBuLi (16 cm3, 40 mmol) drop-wise over ca. 30 
minutes, ensuring that the internal reaction temperature remained below 
80°C. The reaction was then allowed to warm to -60°C and maintained 
between -60°C and -65°C for 2h during which time the solution turned 
golden coloured. The solution was then cooled to ca. -100°C and a solution 
of MesPCl2 (1.99 g, 9.0 mmol) in Et2O (20 cm
3) was added over ca. 45 
minutes. The solution was maintained at -70°C overnight, and then allowed 
to warm to room temperature. Hexane (100 cm3) was added, the mixture 
filtered and the volatiles removed in vacuo affording 1 as an impure dark 
brown oil (0.6 g, 22%): 31P{1H} δ -63.3 ppm (m); 19F NMR: δFtrans -84.6 ppm 
(ddd, 3JPFb = 8.5 Hz, 
3JFbFa = 30.5 Hz, 
3JFbFc = 46.0 Hz) δFcis -106.8 ppm (ddd, 
2JFcFb = 46.5 Hz, 
3JFcP = 54.6 Hz, 
3JFcFa = 120.8 Hz) δFgem -170.7 ppm (ddd, 
2JPFa = 18.0 Hz, 
3JFaFb = 29.9 Hz, 
3JFaFc = 121.0 Hz), 
1H NMR: δ 6.97 ppm (s, 
Ar-H, 2H), 2.44 ppm (s, o-CH3, 6H), 2.29 ppm (s, p-CH3, 3H). 
Mes2P(CF=CF2), 2 
In a typical procedure, HFC-134a (4.5 cm3, 52.9 mmol) was dissolved in Et2O 
(200 cm3) at -85°C, then nBuLi (12.8 cm3, 32 mmol) was added drop-wise 
over ca. 30 minutes to ensure that the temperature remained below -80°C. 
Upon completion of this addition, the internal reaction temperature was 
allowed to rise to ca. -60°C and maintained between -60°C and -65°C for 2h, 
during which time the solution became golden coloured. The reaction mixture 
was then cooled to ca. -100°C, and a solution of Mes2PCl (4.00 g, 13.0 
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mmol) in Et2O (15 cm
3) was added slowly over ca. 45 minutes. The solution 
was maintained at -70°C overnight, and allowed to warm to room 
temperature. Hexane (100 cm3) was added, and the mixture filtered through 
Celite®, and the volatiles removed in vacuo to yield a brown oil, which was 
shown to only contain Mes2PCl in the 
31P{1H} NMR spectrum. 
E/Z-iPr2P(CF=CF
tBu), 4-(E)/4-(Z) 
iPr2P(CF=CF2) (0.68 g, 3.44 mmol) was dissolved in Et2O (100 cm
3), and 
cooled to -78°C. tBuLi (11.5 cm3, 17.25 mmol) was then added drop-wise 
over ca. 15 minutes, and the mixture allowed to attain room temperature 
overnight. Hexane (50 cm3) was added, the mixture filtered through Celite® 
and the volatiles removed in vacuo. Flash chromatography (hexane/diethyl 
ether, 50:50) afforded the title compound as a mixture of E/Z-isomers (0.31 
g, 38%) 4-(Z): 31P{1H} NMR δ -4.9 ppm (dd, 2JPFgem = 6.3 Hz, 
3JPFcis = 95.5 
Hz), 19F NMR: δ -136.9 ppm (dd, 3JPF = 95.5 Hz, 
3JFF = 144.1 Hz, 1F, Fcis), δ -
156.2 ppm (dd, 3JPF = 4 Hz, 
3JFF = 144.1 Hz, 1F, Fgem) 4-(E): 
31P{1H} NMR: δ 
-2.3 ppm (dd, 2JPFgem = 10.5 Hz, 
3JPFtrans = 2.9 Hz), 
19F NMR: δ -112.2 (d, 
2JPFa = 11.0 Hz), δ -139.3 ppm (d, 
3JPFb = 3 Hz). 
E/Z-Ph2P(CF=CF
tBu), 5-(E)/5-(Z) 
Ph2P(CF=CF2) (1.0 g, 3.8 mmol) was dissolved in Et2O (100 cm
3), and cooled 
to -78°C. tBuLi (2.6 cm3, 3.9 mmol) was then added drop-wise over ca. 15 
minutes, and the mixture allowed to attain room temperature overnight. 
Hexane (50 cm3) was added, the mixture filtered through Celite® and the 
volatiles removed in vacuo. Column chromatography (hexane/diethyl ether, 
50:50) afforded the title compound as a mixture of E/Z-isomers (0.71 g, 
68%). 5-(Z): 31P{1H} NMR: δ -23.6 ppm (dd, 3JPFcis = 112.1 Hz, 
2JPFgem = 5.5 
Hz), 19F NMR δ -134.1 ppm (dd of dectets, 3JFF = 143.4 Hz, 
3JPF = 112.2 Hz, 
4JFH = 2.0 Hz, 1F, Fcis), -156.3 ppm (dd of dectets, =
3JFF = 143.4 Hz, 
3JPF = 
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5.6 Hz, 5JFH = 2.0 Hz, 1F, Fgem), 
1H NMR: δ 1.19 ppm (dd, 4JFH = 2.0 Hz, 
5JFH 
= 2.0 Hz, C(CH3)3), 7.24-7.30 ppm (m, Ar-H, 6H), 7.33-7.43 ppm (m, Ar-H, 
4H). 5-(E): 31P{1H} NMR: δ -19.6 ppm (dd, 2JPF = 16.3 Hz, 
3JPF = 3.4 Hz), 
19F NMR: -108.3 ppm (dm, 2JPF = 16.3 Hz, 1F, Fgem), -139.5 (d, 
3JPF = 3.5 Hz, 
1F, Ftrans), 
1H NMR: 1.30 ppm (s, 9H, C(CH3)3), 7.65-7.72 ppm (m, Ar-H, 
6H), 7.84-7.91 ppm (m, Ar-H, 4H). 
7.1.2 Oxidation of Fluorovinyl-Containing Phosphines 
Se=PPh2(CF=CF
tBu), 6 
Powdered elemental selenium (0.52 g, 6.6 mmol) was added to a solution of 
5-(Z) (1.0 g, 3.3 mmol) in toluene (60 cm3). The solution was refluxed for 
ca. 2 hours, and then allowed to cool to room temperature. The excess of 
selenium was removed by filtration, and the volatiles removed in vacuo. The 
residue was purified by flash column chromatography (DCM) to yield the title 
compound as a yellow solid. (0.62 g, 50%). 31P{1H} NMR: δ 24.4 ppm (dd, 
3JPFcis = 70.9 Hz, 
2JPFgem = 4.4 Hz, 
1JPSe = 764.0 Hz), 
19F NMR: -126.1 ppm (d 
of dectets, 3JFF = 141.4 Hz, 
5JFH = 2.0 Hz, 1F, Fgem), -156.8 ppm (dd of 
dectets, 3JFF = 141.4 Hz, 
3JPF = 70.8 Hz, 
4JFH = 2.2 Hz, 1F, Fcis). 
77Se{1H} 
NMR: δ -294.8 ppm (ddd, 1JPSe = 764.0 Hz, 
3JSeF = 5.0 Hz, 
4JSeF = 5.0 Hz). 
1H 
NMR: δ 1.17 ppm (dd, 4JFH = 2.2 Hz, 
5JFH = 2.0 Hz, 9H, C(CH3)3) 7.37–7.44 
ppm (m, 6H, Ar-H), 7.74–7.82 ppm (m, 4H, Ar-H). 
7.1.3 Fluroalkynyl-Containing Phosphines 
PhP(tfp)2, 7 
A three necked flask was charged with Et2O (200 cm
3) and cooled to -20°C. 
HFC-245fa (6 cm3, 59.0 mmol) was introduced. nBuLi (61.2 cm3, 153 mmol) 
was then added drop wise (over ca. 1h), whilst maintaining the temperature 
below -15°C. Once the addition was complete, the reaction was allowed to 
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stir for 1h at -15°C. The temperature was then lowered to -70°C, and a 
solution of PPh2Cl (2.31 cm
3, 17 mmol) in Et2O (15 cm
3) was added slowly 
ensuring that the temperature remained below -70°C. The reaction was then 
left to warm to room temperature overnight. Hexane (150 cm3) was added, 
and the mixture stirred for 15 minutes, then filtered through Celite® and the 
solvent removed in vacuo to yield a dark brown liquid. Distillation at 88°C 
(10 mmHg) gave the title compound as a pale yellow oil (2.98 g, 59.7%). 
PC12H5F6 requires C = 48.95, H = 1.71, P = 10.54 found C = 49.16, H = 
1.41, P = 10.17. 31P{1H} NMR: δ -67.2 ppm (septet, 4JPF = 6.4 Hz) 
19F NMR: 
δ –51.9 ppm (d, 4JFP = 6.4 Hz), 
1H NMR: δ 7.50–7.60 ppm (m, Ar–H, 3H), 
7.75–7.90 ppm (m, Ar–H, 2H), 13C{1H} NMR: δ 134.3 (d, 2JPC = 24.8 Hz, 
ortho), 132.0 (s, para), 130.0 (d, 3JPC = 9.9 Hz, meta), 126.5 (s, ipso), δ 
113.7 (q, 1JCF = 259.4 Hz), 92.4 ppm (q, 
2JCF = 53.0 Hz), δ 81.7 ppm (dm, 
2JPC = 21.8 Hz). 
7.1.4 Chemistry of Fluoroalkynyl Phosphines 
Reaction of PhP(tfp)2 with 
tBuLi (Synthesis of PhtBuP(dfcp), 8, Z-
PhtBuP(CH=C(tBu)CF3), 9, and Ph
tBuP(tfp), 10) 
PhP(tfp)2 (1.0g, 3.4 mmol) was dissolved in Et2O (80 cm
3) and cooled to -
78°C. tBuLi (4.6 cm3, 6.9 mmol) was added slowly and the mixture allowed 
to attain room temperature overnight. Hexane (50 cm3) was added, the 
mixture filtered through Celite® and the volatiles removed in vacuo to yield 
a brown oil that contained a mixture of products. PhtBuP(dfcp), 8: 31P{1H} 
NMR: δ -1.6 ppm (dd, 3JPF = 14.6 Hz, 
3JPF = 4.9 Hz), 
19F NMR: δ -99.1 ppm 
(dd, 2JFF = 122.0 Hz, 
3JPF = 14.5 Hz, 1F), -101.9 ppm (dd, 
2JFF = 122.0 Hz, 
3JPF = 4.9 Hz, 1F). Z-Ph
tBuP(CH=C(tBu)CF3), 9: 
31P{1H} NMR: δ -6.0 ppm 
(q, 4JPF = 54.4 Hz), 
19F NMR: δ -54.2 ppm (d, 4JPF = 54.4 Hz). Ph
tBuP(tfp), 
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10: 31P{1H} NMR: δ -14.4 ppm (q, 4JPF = 6.5 Hz), 
19F NMR: δ -50.2 ppm (d, 
4JPF = 6.5 Hz). 
7.1.5 Complexes of Unsaturated Fluoro-organo Phosphines 
trans-[PdCl2{PCy2(CF=CF2)}2], 11 
PCy2(CF=CF2) (0.27 g, 0.97 mmol) was dissolved in ethanol (4 cm
3), and 
added dropwise to a solution of K2[PdCl4] (0.2 g, 0.48 mmol) in water (4 
cm3) and stirred for ~30 minutes. The mixture was filtered, and the filtrate 
washed with ethanol (2 x 5 cm3) to yield a yellow solid (0.27 g, 77%). 
C28Cl2F6H22P2Pd requires C 45.8, H 5.9, Cl 9.3 found C 46.0, H 6.0 Cl 9.7%. 
Raman (cm-1): 302 ν(Pd-Cl). IR (Nujol, cm-1): 1738 ν(C=C), 1308, 1152, 
1047 ν(C-F). 31P{1H} NMR: δ 24.1 ppm (vt, ½ |2JPF + 
4JPF| = 15.0 Hz). 
19F 
NMR: δ -83.9 ppm (dd, 2JFF = 49 Hz, 
3JFF = 32 Hz, 1F, trans), -97.1 ppm (dd, 
2JFF = 49 Hz, 
3JFF = 116 Hz, 1F, cis), -175.0 ppm (ddvt, ½ |
2JPF + 
4JPF| = 15.0 
Hz, 3JFF = 32.0 Hz, 
3JFF = 118.0 Hz, 1F, gem). 
trans-[PtCl2{PCy2(CF=CF2)}2], 12 
PCy2(CF=CF2) (0.27 g, 0.97 mmol) was dissolved in ethanol (4 cm
3), and 
added dropwise to a solution of K2[PtCl4] (0.2 g, 0.48 mmol) in water (4 cm
3) 
and stirred for ~30 minutes. The mixture was filtered, and the filtrate 
washed with ethanol (2 x 5 cm3) to yield a white solid. Yield = 0.12 g, 50%. 
Raman (cm-1): 333 ν(Pt-Cl). IR (Nujol, cm-1): 1736 ν(C=C) 1312, 1147, 
1049 ν(C-F). 31P{1H} NMR: δ + 19.8 ppm (vt, ½|2JPF + 
4JPF| = 16 Hz, 
1JPtP = 
2654 Hz) 19F NMR: δFb –83.9 ppm (dd, 
2JFF = 43 Hz, 
3JFF = 31 Hz, 
4JPtF = 16 
Hz), δFc - 98.3 ppm (dd, 
2JFF = 48 Hz, 
3JFF = 116 Hz, 
4JPtF = 43 Hz) δFa – 
182.2 ppm (ddvt, ½(2JPF + 
4JPF) = 15 Hz, 
3JFF = 31 Hz, 
3JFF = 116 Hz, 
3JPtF = 
70 Hz.  
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 [Mo(CO)5{PCy2(CF=CF2)}], 13 
[Mo(CO)6] (0.25 g, 0.95 mmol) was dissolved in toluene (~25 cm
3) and 
PCy2(CF=CF2) (0.3 g, 1.07 mmol) was added. The mixture was refluxed for 3 
hours, allowed to cool, and the solvent removed in vacuo to yield a black 
liquid. This was purified via column chromatography (toluene) to yield the 
title compound as a dark green oil (0.26 g, 53%). 31P{1H} NMR: + 44.0 ppm 
(dd, 2JPFgem = 39.3 Hz, 
3JPFc = 4.6 Hz), 
19F NMR: δ -82.1 ppm (ddd, 2JFtransFcis 
= 49.7 Hz, 3JFtransFgem = 32.6 Hz, 
3JPFtrans = 4.9 Hz, 1F, Ftrans), δ -101.2 ppm 
(dd, 3JFcisFgem = 116.3 Hz, 
2JFtransFcis = 49.7 Hz, 1F, Fcis), δ -168.9 ppm (ddd,
 
3JFgemFcis = 116.5 Hz, 
2JPFgem = 40.5 Hz, 
3JFgemFtrans = 32.6 Hz, 1F, Fgem) ν(cm
-
1): 2073 (C≡O), 1990, 1942. 
[Mo(CO)5{PPh(tfp)2}], 14 
[Mo(CO)6] (0.31 g, 1.17 mmol) was dissolved in MeCN (25 cm
3), and 
Me3NO.2H2O (0.13 g, 1.17 mmol) was added. This was stirred under a static 
vacuum for 1 hour. A solution of 7 (0.35 g, 1.2 mmol) in MeCN (5 cm3) was 
then added and the mixture allowed to stir overnight. The mixture was then 
passed down a short silica column (toluene) affording the title compound as 
a viscous dark brown oil (0.13 g, 21%). IR (cm-1): 2081 (C≡O), 2032, 1947, 
1585, 1245. 31P{1H} NMR: δ -13.6 ppm (s), 19F NMR: -52.0 ppm (s). 
7.2 Fluoroalkyl-Containing Phosphines 
7.2.1 Evaluation of Reaction of R2SiMe3 with RfI on Small Scale 
R2PSiMe3 (0.1 cm
3, 0.39 mmol) was dissolved in CDCl3 (0.75 cm
3) in an NMR 
tube in a glove box. One equivalent of perfluoroalkyl iodide was then added, 
and the tube sealed. Spectra were recorded immediately and periodically 
until no further signs of reaction could be observed. The products were 
identified on the basis of their multinuclear NMR spectra. 
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iPr2PSiMe3 
A mixture of Me3SiCl (4.3 cm
3, 33.6 mmol) and iPr2PCl (5.2 cm
3, 32.8 mmol) 
were dissolved in THF (100 cm3). Lithium (0.58 g, 83 mmol) was added, and 
the mixture stirred for 72 hours. The excess lithium was removed, and 
hexane (50 cm3) added. The mixture was filtered, and the volatiles removed 
in vacuo. The residue was distilled to afford the title compound (with ca. 5% 
iPr2PCl) as a clear liquid. 
31P{1H} NMR: δ -43.2 ppm (s), 1H NMR: 0.65 ppm 
(m, 9H, Si(CH3)3) 1.05 ppm (m, 12H, PCH(CH3)2), 1.85 ppm (m, 2H, PCH). 
Ph2PCF(CF3)2, 15 
31P{1H} NMR: δ -0.8 ppm (dsept, 2JPF = 74.0 Hz, 
3JPF = 18.0 Hz). 
19F NMR: δ 
-69.6 ppm (6F, dd, 3JPF = 18.0 Hz, 
3JFF = 11.9 Hz, CF3), -184.9 ppm (1F, 
dsept, 2JPF = 73.9 Hz, 
3JFF = 11.9 Hz, PCF).
 1H NMR: δ 7.24-7.45 ppm (6H, 
m), 7.65-7.85 (4H, m). 13C{1H} NMR: δ 135.8 ppm (d, 2JPC = 26.0 Hz, 
ortho), 131.2 ppm (s, para), 130.0 ppm (dd, 1JPC = 12.3 Hz, 
3JCF = 6.8 Hz, 
ipso), 128.9 (d, 3JPC = 10.3 Hz, meta). 
Ph2PCF3, 16 
31P{1H} NMR: δ 2.5 ppm (q, 2JPF = 73.8 Hz) [lit.
107 δ 1.7 ppm (q, 2JPF = 74.0 
Hz)]. 19F NMR: δ -55.1 ppm (d, 2JPF = 73.9 Hz [lit.
107 δ -56.8 ppm (d, 2JPF = 
74.0 Hz)]. 1H NMR: δ 7.4-7.7 ppm (m, Ar-H, 10H). 
Ph2PC2F5, 17 
31P{1H} NMR: δ -1.9 ppm (tq, 2JPF = 56.8 Hz, 
3JPF = 16.9 Hz) [lit.
99(C6D6) δ -
1.4 ppm (tq, J = 58.0, 17.0)]. 19F NMR: δ -113.0 ppm (2F, dq, 2JPF = 56.8 
Hz, 3JFF = 3.0, CF2), -81.0 ppm (3F, dt, 
3JPF = 16.5 Hz, 
3JFF = 3.0 Hz, CF3) 
[lit.99 (C6D6): δ -112.6 ppm (dq, 
2JPF = 57.0, 
3JFF = 3.1 Hz), -80.7 ppm (dt, 
3JPF = 16.5 Hz, 
2JFF = 3.1 Hz)]. 
1H NMR: δ 7.4-7.7 ppm (m, Ar-H, 10H). 
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Ph2P(
sC4F9), 18 
31P{1H} NMR δ 3.6 ppm (dddqq, 2JPFb = 78.8 Hz, 
3JPFc = 45.0 Hz, 
3JPFd = 33.7 
Hz, 3JPFa = 16.9 Hz, 
4JPFe = 11.5 Hz) 
19F NMR: δ -67.6 ppm (dddqd, 3JPFa = 
16.9 Hz, 3JFaFd = 12.3 Hz, 
4JFaFb = 12.1 Hz, 
5JFaFe = 8.6 Hz, 
4JFaFc = 5.7 Hz, 3F, 
Fa), -79.8 ppm, (ddqdd, 
4JPFe = 12.0 Hz, 
4JFeFb = 12.0 Hz, 
5JFeFa = 8.6 Hz, 
3JFeFc = 0.6 Hz, 
3JFeFd = 0.1 Hz, 3F, Fe), -110.5 ppm (
2JFcFd = 295.6 Hz, 
3JPFc = 
44.6 Hz, 3JFcFb = 11.9 Hz, 
4JFcFa = 5.7 Hz, 
3JFcFe = 0.6 Hz, 1F, Fc), -114.3 ppm 
(ddqdq, 2JFdFc = 295.6 Hz, 
3JPFd = 33.2 Hz, 
4JFdFa = 12.3 Hz, 
3JFdFb = 12.0 Hz, 
3JFdFe = 0.1 Hz, 1F, Fd), 
 -183.3 ppm (dqdqd, 2JPFb = 78.8 Hz, 
3JFbFa = 12.3 Hz, 
3JFbFd = 12.0, 
4JFbFe = 12.0 Hz, 
3JFbFc = 11.9 Hz, 1F, Fb). 
1H NMR: δ 7.22-7.34 
ppm (m, 6H, Ar-H), 7.69-7.79 ppm (m, 4H, Ar-H). 13C{1H} NMR: δ 135.9 
ppm (d, 2JPC = 26.2 Hz, ortho), 135.3 ppm (d, 
2JPC = 26.2 Hz), 130.9 ppm (s, 
para), 130.7 ppm (s, para), 130.4 ppm (d, 1JPC = 13.2 Hz, ipso), 129.8 ppm 
(d, 1JPC = 15.0 Hz, ipso), 128.7 ppm (d, 
3JPC = 9.8 Hz, meta), 128.6 ppm (d, 
1JPC = 9.7 Hz, meta), 121.2 ppm (m, C-F), 118.0 ppm (m, C-F), 112.5 ppm 
(m, C-F), 100.1 ppm (m, C-F).  
Ph2P(cyc-C6F11), 19 
31P{1H} NMR: δ -3.1 ppm (td, 3JPF2ax = 84.0 Hz, 
2JPF1  = 68.0 Hz). 
19F NMR: δ 
-110.5 ppm (2F, 3JPF = 84.0 Hz,
2JFF = 297.3 Hz), -122.6 ppm (2F, d, 
2JFF = 
280.0 Hz), -124.4 ppm (1F, d, 2JFF = 288.8 Hz) -124.5 ppm (2F, d, 
2JFF = 
298.6 Hz), -138.2 ppm (2F, d, 2JFF = 281.0 Hz), -142.0 ppm (1F, d, 
2JFF = 
285.5 Hz), and -185.8 ppm (1F, m, 2JPF = 67.0 Hz). 
1H NMR: δ 7.24-7.28 
ppm (m, 4H), 7.56-7.62 ppm (m, 6H). 13C{1H} NMR: δ 128.8 ppm (3JPC = 
6.6 Hz, meta), 130.4 ppm (para), 134.0 ppm (1JPC = 22.5 Hz, ipso), 136.1 
ppm (2JPC = 27.6 Hz, ortho). 
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Ph2P(
tC4F9), 20 
31P{1H} NMR: δ 15.2 ppm (dectet, 3JPF = 12.3 Hz), 
19F NMR: δ -59.9 ppm (d, 
3JPF = 12.3 Hz). 
1H NMR: δ 7.4–7.7 ppm (m, Ar–H, 10H). 
Ph2P(
tC8F17), 21 
31P{1H} NMR: δ 1.0 ppm (ttt, 2JPF = 56.2 Hz, 
3JPF = 33.4 Hz, 
4JPF = 11.5 Hz). 
19F NMR: δ -81.1 ppm (ttt, 3JFF = 10.1 Hz, 
4JFF = 2.2 Hz, 
5JFF = 2.2 Hz, CF3, 
3F), -108.9 ppm (dtm, 2JPF = 56.1 Hz, 
3JFF = 14.5 Hz, P-CF2CF2-, 2F), -117.7 
ppm (m, 2F), -121.5 ppm (m, 2F), -122.0 (m, 2F), -122.2 ppm (m, 2F), -
123.0 ppm (m, 2F), -126.4 ppm (m, 2F). 1H NMR: δ 7.4-7.7 ppm (m, Ar-H, 
10H).  
Ph2P((1-CF3)-cyc-C5F8), 22 
31P{1H} NMR: δ -16.1 ppm (qtt, 3JPF = 39.0 Hz, 
3JPF = 11.8 Hz, 
3JPF = 4.2 
Hz). 19F NMR: δ -59.6 ppm (dm, 3JPF = 39.0 Hz, 3F, PCCF3), -106.0 ppm (m, 
2.33F), -111.6 ppm (m, 2.33F), -132.1 ppm (m, 2.33F). 1H NMR: 7.30-7.40 
ppm (m, 6H, Ar-H), 7.55-7.61 ppm (m, 4H, Ar-H). 
Ph2P(CHFCF3), 23 
31P{1H} NMR: δ -13.0 ppm (dq, 2JPF = 71.0 Hz, 
3JPF = 20.7 Hz). 
19F NMR: δ -
72.3 ppm (ddd, 3JPF = 20.7 Hz, 
3JFF = 16.8 Hz, 
3JFH = 8.4 Hz, 3F, CF3), -206.4 
ppm (ddq, 2JPF = 71.0 Hz, 
2JFH = 46.5 Hz, 
3JFF =16.8 Hz, 1F, PCHF). 
1H NMR: 
6.66 ppm (dq, 2JHF = 46.5 Hz, 
3JHF = 8.4 Hz, 1H, PCHF)
 7.15-7.25 (m, 6H, 
Ar-H), 7.33-7.38 ppm (m, 4H, Ar-H). 
iPr2P(C2F5), 24 
31P{1H} NMR: δ 24.4 ppm (tq, 2JPF = 41.6 Hz, 
3JPF = 14.6 Hz). 
19F NMR: δ -
82.4 ppm (dt, 3JPF = 14.6 Hz, 
3JFF = 2.9 Hz, CF3, 3F), -111.7 ppm (dq, 
2JPF = 
41.6 Hz, 3JFF = 2.8 Hz, PCF2CF3, 2F). 
1H NMR: δ 1.15 ppm (qd, 6JFH = 13.9 
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Hz, 3JHH = 7.2 Hz, 6H, PCH(CH3)2), 2.19 ppm (septd, 
3JHH = 7.2 Hz, 
2JPH = 
2.5 Hz, 2H, PCH).  
iPr2P(
nC3F7), 25 
31P{1H} NMR: δ 27.2 ppm (ttq, 2JPF = 36.5 Hz, 
3JPF = 29.6 Hz, 
4JPF = 6.9 Hz). 
19F NMR: δ -79.9 ppm (td, 3JFF = 10.4 Hz, 
5JPF = 6.8 Hz, -CF2CF3, 3F), -109.4 
ppm (dq, 2JPF = 36.4 Hz, 
4JFF = 10.5 Hz, PCF2CF2CF3, 2F), -123.3 ppm (d, 
3JPF 
= 29.7 Hz, PCF2CF2CF3, 2F). 
1H NMR: δ 1.16 ppm (ddd, J = 16.2 Hz, J = 8.8 
Hz, 3JHH = 7.4 Hz, 6H, CH3), 2.21 ppm (septet of d, 
3JHH = 7.2 Hz, 
2JPH = 2.0 
Hz, 1H, PCH).  
7.2.2 Preparative Scale Chemistry 
Ph2PCF(CF3)2, 15 
Ph2PSiMe3 (2.3 cm
3, 8.5 mmol) was dissolved in hexane (30 cm3), and then 
cooled to -30°C. (CF3)2CFI (1.26 cm
3, 8.5 mmol) was added slowly over ca. 
10 minutes. The solution was then allowed to warm to room temperature, 
and the volatiles removed in vacuo. The resultant yellow solid was re-
dissolved in hexane (15 cm3) and DCM (5 cm3). This was filtered and 
volatiles were removed under high vacuum, affording the title compound as 
a white crystalline solid (2.27 g, 72% m.p. 48°C). PC15H10F7 requires C 
50.84, H 2.85, P 8.75, found C 50.88, H 2.71, P 8.04.  
Ph2P(
sC4F9), 18 
Ph2PSiMe3 (2.2 cm
3, 8.5 mmol) was dissolved in hexane (30 cm3), and 
cooled to ca. -30°C. sC4F9I (1.42 cm
3, 8.6 mmol) was then added drop-wise 
over ca. 10 mins, and the mixture stirred and allowed to attain room 
temperature overnight. The volatiles were removed and the resulting residue 
distilled (123°C, 0.1 mmHg) to yield the title compound as a clear liquid (2.3 
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g, 57.6 %). PC16H10F9 requires C 47.52, H 2.49, P 7.67, found C 48.7, H 3.0, 
P 7.7.  
PhMePCF(CF3)2, 26 
Ph2PMe (2.00 g, 10 mmol) was dissolved in THF (40 cm
3), cooled to 0°C and 
Li (0.32 g, 46.1 mmol) was added. This was allowed to stir overnight and 
attain room temperature. The excess lithium wire was removed, the mixture 
cooled to 0°C and Me3SiCl (2.387 g, 22.0 mmol) was added. This was 
allowed to warm to room temperature, then hexane (20 cm3) was added, 
and the mixture filtered. The filtrate was then cooled to ca. -30°C and 
(CF3)2CFI (1.70 cm
3, 12 mmol) was added, then allowed to warm to room 
temperature overnight. The volatiles were then removed in vacuo to yield an 
off white solid. (0.72 g, 24%). 31P{1H} NMR: δ -12.0 ppm (dsept, 2JPF = 61.1 
Hz, 16.4 Hz), 19F NMR: δ -70.2 ppm (ddq, 3JPF = 16.4 Hz, 
3JFF = 11.2 Hz, 
4JFF 
= 9.5 Hz, 3F, CF3), -71.2 ppm (ddqq, 
3JPF = 16.4 Hz, 
3JFF = 11.2 Hz, 
4JFF = 
9.5 Hz, 5JFH = 1.5 Hz, 3F, CF3), -190.3 ppm (dsept, 
2JPF = 61.1 Hz, 
3JFF = 
11.2 Hz, 1F, PCF). 
7.2.3 Reaction of PhP(SiMe3)2 with RfI 
PhP(H)CF(CF3)2, 27 
A Schlenk vessel was charged with PhP(SiMe3)2 (0.59 g, 2.32 mmol) and 
hexane (30 cm3). This was cooled to ca. -50°C and (CF3)2CFI (0.65 cm
3, 4.64 
mmol) added slowly. The solution was allowed to warm to 0°C and stirred 
overnight. The mixture was then cooled to -10°C, and MeLi (0.9 cm3, 1.44 
mmol) was added drop-wise. The mixture was then filtered, and the solvent 
removed in vacuo, to yield 27 as a clear liquid (0.22 g, 34%)  31P{1H} NMR: 
δ -42.3 ppm (dqq, 2JPF = 53.1 Hz, 
3JPF = 17.8, 12.6 Hz), 
19F NMR: δ -72.6 
ppm (3F, ddqd, 3JPF = 17.9 Hz, 
3JFF = 11.9 Hz, 
4JFF = 9.0 Hz, 
4JFH = 2.8 Hz, 
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CF3), -73.4 ppm (3F, ddqd, 
3JPF = 12.1 Hz, 
3JFF = 12.1 Hz, 
4JFF = 9.0 Hz, 
4JFH 
= 1.5 Hz, CF3) -178.3 ppm (1F, ddqq, 
2JPF = 53.0 Hz, 
3JFH = 16.4 Hz,
 3JFF = 
12.0, 11.9 Hz, CF), 1H NMR: δ 7.26-7.31 ppm (2H, m), 7.34-7.41 ppm (1H, 
m), 7.54-7.60 ppm (2H, m) 4.60 ppm (1H, ddm, 1JPH = 229.1 Hz, 
2JHF = 16.3 
Hz). 13C{1H} NMR: 127.5 ppm (d, J = 8.0 Hz, meta), 129.9 ppm (s, para), 
134.9 ppm (d, J = 29.0 Hz, ortho), 136.5 ppm (d, J = 19.5 Hz, ipso). 
7.2.4 Mechanistic Studies 
NMR Tube Reaction of Ph2P-PPh2 with (CF3)2CFI 
Ph2P-PPh2 (0.15 g, 0.4 mmol) was dissolved in d6-Benzene (1 cm
3), in an 
NMR tube under argon. (CF3)2CFI (0.06 cm
3, 0.4 mmol) was then added, and 
the reaction monitored by NMR spectroscopy, which showed the presence of 
15. 
Me2P-P(S)Me2 
This compound was prepared by a slight modification of a literature 
procedure.229 (Me2PS)2 (4.2 g, 22.6 mmol) and P
nBu3 (4.5 cm
3, 22.4 mmol) 
were placed into a Schlenk vessel which was then sealed. The mixture was 
heated to 140°C for 20 hours, then allowed to cool to room temperature. The 
resulting mixture was found to contain the title compound and S=PnBu3, and 
was used without further purification. S=PnBu3: 
31P{1H} NMR: δ 48.7 ppm 
(s). Me2P-P(S)Me2: 
31P{1H} NMR: δ -56.5 ppm (d, 1JPP = 221.1 Hz, Me2P-
P(S)Me2, 1P), 37.3 ppm (d, 
1JPP = 221.1 Hz, Me2P-P(S)Me2,1P). 
Me2PCF(CF3)2, 28 
Me2P-P(S)Me2 (1.0 g of the mixture formed in the reaction above, max 6.5 
mmol), and (CF3)2CFI (1.92 cm
3, 6.5 mmol) were stirred in a sealed Schlenk 
vessel for 3 weeks. Trap-to-trap condensation resulted in the isolation of a 
mixture of (CF3)2CFI and 28 in the trap cooled to -196°C. 28: 
31P{1H} NMR: 
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δ -18.2 ppm (dsept, 2JPF = 53.3 Hz, 16.4 Hz), 
19F NMR: δ -71.6 ppm (dd, 3JPF 
= 16.4 Hz, 3JPF = 10.4 Hz, 6F, CF(CF3)2), -195.5 ppm (dsept, 
2JPF = 53.3 Hz, 
3JFF = 10.4 Hz, 1F, PCF). 
1H NMR: 1.20 ppm (s, 6H). 
7.2.5 Oxidation of Fluoroalkyl-Containing Phosphines 
O=PPh2CF(CF3)2, 29 
This compound was serendipitously isolated via filtration from a solution of 
15 (1.24 g, 3.5 mmol) in pentane (~15 cm3) that had been left to stand at 
4°C for 72 hours. Purification by flash chromatography (DCM) yielded the 
title compound as a white crystalline solid (0.8 g, 62%). PC15H10F7O requires 
48.64, H 2.72, P 8.37, found C 48.41, H 2.33, P 7.77 31P{1H} NMR: δ 20.8 
ppm (d, 2JPF = 51.4 Hz), 
19F NMR: δ -69.1 ppm (PCCF3, 6F, d, 
3JFF = 10.7 Hz), 
-188.6 ppm (PCF, 1F, dsept, 2JPF = 51.4 Hz, 
3JFF = 10.7 Hz), 
1H NMR: δ 7.30-
7.36 (m, 2H), 7.38-7.44 (m, 1H), 7.80-7.91 (m, 2H), 13C{1H} NMR: δ 133.5 
ppm (d, 4JPC = 2.9 Hz, para), 132.0 ppm (dd, 
3JPC = 9.5 Hz, 
5JCF = 2.9 Hz, 
ortho), 128.9 ppm (d 3JPC = 13.0 Hz, meta), 127.5 ppm (d, 
1JPC = 105.4 Hz, 
ipso), 120.4 ppm (CF3, 2C, qd, 
1JCF = 289.0 Hz, 
2JCF = 25.8 Hz), 93.2 ppm 
(PCF, 1C, m). 
O=PPh2(cyc-C6F11), 30 
19 (0.50 g, 1.07 mmol) was dissolved in THF (10 cm3). An aqueous solution 
of H2O2 (0.25 cm
3, 30%, 2.15 mmol) was added at 0°C. This solution was 
allowed to stir and warm to room temperature over ca. 18 hours. H2O (10 
cm3) was then added, and the mixture extracted with CHCl3 (2 x 25 cm
3), 
dried over MgSO4, filtered and the volatiles removed in vacuo to yield an 
orange-brown solid (0.12 g, 23%). 31P{1H} NMR: δ 20.9 ppm (d, 2JPF = 54.4 
Hz). 19F NMR: -116.3 ppm (dm, 2JFF = 301 Hz, 2F), -122.4 ppm (dm, 
2JFF = 
280 Hz, 2F), -124.0 ppm (dm, 2JFF = 285 Hz, 1F), -124.4 ppm (dm, 
2JFF = 
221 
 
301 Hz, 2F), -138.6 ppm (dm, 2JFF = 281 Hz, 2F), -141.9 ppm (dm, 
2JFF = 
285 Hz, 1F), -190.4 ppm (m, 1F, PCF). 1H NMR: 7.30-7.68 ppm (m, 6H, Ar-
H), 8.01-8.09 ppm (m, 4H, Ar-H).  
S=PPh2CF(CF3)2, 31 
Sulfur (0.5 g, 15 mmol) was added to a solution of 15 (1.5 g, 4.25 mmol) in 
toluene (70 cm3) and refluxed for 4 hours. The solution was then allowed to 
cool and the excess of sulfur removed by filtration. The volatiles were 
removed in vacuo and the residue purified via flash chromatography 
(hexane/DCM, 1:1) to yield the product as a yellow-orange solid (0.63 g, 
39%). 31P{1H} NMR: δ 39.6 ppm (d, 2JPF = 43.4 Hz). 
19F NMR: δ -66.7 ppm 
(d, 3JFF = 8.7 Hz, CF3, 6F), -176.3 ppm (dsept, 
2JPF = 43.0 Hz, 
3JFF = 8.7 Hz, 
PCF(CF3)2, 1F). 
1H NMR: δ 8.1–8.2 ppm (m, Ar-H, 4H), 7.44–7.54 ppm (m, 
Ar-H, 6H). 
Se=PPh2CF(CF3)2, 32 
Powdered elemental selenium (1.057 g, 13.4 mmol) was added to a solution 
of 15 (1.941 g, 5.5 mmol) in toluene (50 cm3) and refluxed for 90 minutes. 
The mixture was allowed to cool to room temperature, filtered through 
Celite®, and the volatiles removed in vacuo. The resulting brown oil was 
purified via flash chromatography (DCM), affording 32 as a yellow oil, which 
crystallised on standing (1.21 g, 51%). C15F14H10PSe requires C 41.57, H 
2.33, P 7.15, found C 40.93, H 2.00, P 6.93; ν(cm-1): 571 (P=Se); 31P{1H} 
NMR: δ 35.2 ppm (d, 2JPF = 39.7 Hz, 
1JPSe = 828 Hz). 
19F NMR: δ -66.0 ppm 
(PCCF3 6F, d, 
3JFF = 8.8 Hz), -173.1 ppm (PCF, 1F, dsept, 
2JPF = 39.4 Hz, 
3JFF 
= 8.8 Hz). 1H NMR: δ 7.24-7.38 ppm (1H, m), 7.56-7.66 ppm (2H, m), 8.35-
8.42 ppm (2H, m). 13C{1H} NMR: δ 92.6 ppm (PCF, dds, 1JCF = 235 Hz, 
1JPC 
= 30 Hz, 2JCF = 30 Hz), 119.2 ppm (PCCF3 d, 
1JCF = 290 Hz). 
77Se{1H} NMR: 
δ -372.5 ppm (d, 1JPSe = 828 Hz). 
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Se=PPh2(
sC4F9), 33 
18 (3.64 g, 9.0 mmol) was dissolved in toluene (60 cm3). Powdered 
elemental selenium (1.42 g, 18.0 mmol) was added and the mixture refluxed 
for 2 hours. The excess of selenium was removed by filtration through 
Celite® and the volatiles removed in vacuo. The residue was purified by flash 
chromatography (DCM) to yield 33 as an off-white solid (1.81 g, 42%). 
C16F9H10PSe requires C 39.75, H 2.09, P 6.41; found C 39.82, H 2.15, P 6.08. 
31P{1H} NMR: δ 37.7 ppm (dd, 2JPFb = 41.0 Hz, 
3JPFc = 10.6 Hz, 
1JPSe = 831 
Hz); 19F NMR: δFa  -80.2 ppm (3F, dq, 
3JFaFb = 15.2 Hz, 
5JFaFe = 9.9 Hz), δFb -
172.1 ppm (1F, dqdqd, 2JPF = 41.0 Hz, 
3JFbFa = 15.2 Hz, 
4JFbFc = 11.8 Hz, 
3JFbFe = 10.2 Hz, 
3JFbFd = 4.3 Hz), δFc -108.6 ppm (1F, dddq, 
2JFcFd = 297.7 
Hz, 3JFcP = 15.2 Hz, 
3JFcFb = 11.8 Hz, 
3JFcFe = 3.5 Hz), δFd = -109.6 ppm (1F, 
dqd, 2JFdFc = 297.7 Hz, 
3JFdFe = 13.0 Hz, 
3JFdFb = 4.3 Hz), δFe -64.4 ppm (3F, 
ddqd, 3JFeFd = 13.0 Hz, 
4JFeFb = 10.2 Hz, 
5JFeFa = 9.9 Hz, 
3JFeFc = 3.5 Hz).  
Se=PPh2(cyc-C6F11), 34 
19 (0.50 g, 1.07 mmol) was dissolved in toluene (60 cm3) and powdered 
elemental selenium (0.2 g, 2.5 mmol) was added. The mixture was refluxed 
for ca. 2 hours, then allowed to cool and the excess of selenium removed by 
filtration. The volatiles were removed in vacuo and the residue purified by 
column chromatography (hexane/DCM, 7:3) affording the title compound as 
a white solid (0.22 g, 38%). 31P{1H} NMR: δ 34.3 ppm (d, 2JPF = 42.6 Hz, 
1JPSe = 836.7 Hz), 
19F NMR: -110.3 ppm (dm, 2JFF = 299.8 Hz, 2F), -121.8 
ppm (dm, 2JFF = 284 Hz, 2F), -123.6 (dm, 
2JFF = 285.2 Hz, 1F), -124.5 ppm 
(dm, 2JFF = 300.3 Hz, 2F), -138.4 ppm (dm, 
2JFF = 281.2 Hz, 2F), -141.8 
ppm (dm, 2JFF = 285.2 Hz, 1F), -175.2 ppm (m, 1F). 
1H NMR: δ 7.40-7.50 
ppm (m, Ar-H, 3H), 8.25 ppm (dd, 14.1 Hz, 7.5 Hz). 
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Se=PPh2CF3, 35 
Powdered elemental selenium (0.51 g, 6.45 mmol) was added to a solution 
of 16 (1.01 g, 3.97 mmol) in toluene (60 cm3) and refluxed for ca. 4 hours. 
The solution was allowed to cool to room temperature, the excess selenium 
removed via filtration and the volatiles removed in vacuo to afford the title 
compound as a clear liquid (1.15 g, 87.0%). C11F3H10PSe requires C 46.85, H 
3.03, P 9.30, found C 47.52, H 3.15, P 9.17. 31P{1H} NMR: δ 39.3 ppm (q, 
2JPF = 84.4 Hz, 
1JPSe = 816.0 Hz), 
19F NMR: δ -66.6 ppm (d, 2JPF = 84.4 Hz), 
77Se{1H} NMR: δ -364.2 ppm (d, 1JPSe = 816.0 Hz), 
1H NMR: δ 7.35 – 7.50 
ppm (m, Ar-H, 6H), 7.75-7.90 ppm (m, Ar-H, 4H), 13C{1H} NMR: δ 125.2 
ppm (d, J = 75.8 Hz, ipso) 129.2 ppm (d, J = 13.2 Hz, ortho), 132.9 ppm (d, 
J = 11.2 Hz, meta), 133.5 ppm (d, J = 3.0 Hz, para), 121.9 ppm (qd, 1JCF = 
320.0 Hz, 1JPC = 110.1 Hz, CF3). 
F2PPh2(CF(CF3)2), 36 
15 (0.17 g, 0.5 mmol) was dissolved in CDCl3 (0.75 cm
3) in an NMR tube in 
the glovebox, then small crystals of XeF2 were added in portions until no 
starting materials could be observed spectroscopically. 31P{1H} NMR: δ -58.4 
ppm (tdsept, 1JPF = 805.2 Hz. 
2JPF = 82.6 Hz, 
3JPF = 4.7 Hz). 
19F NMR: δ -53.8 
ppm (PF, 2F, ddsept, 1JPF = 805.9 Hz, 
3JFF = 20.7 Hz, 
4JFF = 10.4 Hz), δ -69.8 
ppm (PCCF3, 6F, tdd, 
4JFF = 10.4 Hz, 
3JFF = 7.5 Hz, 
3JPF = 4.7 Hz), δ -173.1 
ppm (PCF, 1F, dtsept, 2JPF = 82.6 Hz, 
3JFF = 20.7 Hz, 
3JFF = 7.5 Hz). 
F2PPh2(
sC4F9), 37 
18 (0.20 g, 0.5 mmol) was dissolved in CDCl3 (0.75 cm
3), then small crystals 
of XeF2 were added portion-wise until no starting material could be detected 
spectroscopically. 31P{1H} NMR: δ -56.3 ppm (tdm, 1JPF = 821.5 Hz, 
2JPF = 
84.5 Hz). 19F NMR: δ -53.0 ppm (d, 820.7 Hz, 2F, PF), -67.8 ppm (m, 3F), -
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80.2 ppm (m, 3F), -112.8 ppm (dm, 2JFF = 300.6 Hz, PCF(CF3)CFFCF3, 1F), -
116.1 ppm (dm, 2JFF = 300.6 Hz, PCF(CF3)CFFCF3, 1F), -171.0 ppm (dm, 
84.6 Hz, PCF, 1F). 
7.2.6 Complexes of Fluoroalkyl-Containing Phosphines 
trans-[PtCl2{PPh2CF(CF3)2}2], 38 
A solution of 15 (0.29 g, 0.81 mmol) in ethanol (5 cm3) was added to 
K2[PtCl4] (0.1 g, 0.24 mmol) in H2O (1 cm
3), and the mixture allowed to stir 
for ca. 1 hour. The solution changed colour from red to salmon-pink to pale 
yellow, and a precipitate appeared. This precipitate was removed by 
filtration, washed with cold water (5 cm3) and ethanol (5 cm3) and dried in 
vacuo to give the title compound as a pale yellow powder (0.12 g, 47%). 
PtCl2P2C30H20F14 requires C 36.96 H 2.07 P 6.36 found C 39.0 H 2.5 P 7.5. 
31P{1H} NMR: δ 24.0 ppm (vt, ½(|2JPF + 
4JPF| = 29.5 Hz, 
1JPtP = 2986 Hz), δ -
66.5 ppm (PCCF3, 12F, d, 
3JFF = 9.5 Hz), δ -172.0 ppm (PCF, 2F, vtsept, 
½|2JPF + 
4JPF| = 29.8 Hz, 
3JFF = 9.5 Hz). 
[AuCl{PPh2(CF3)}], 39 
K[AuCl4] (0.2 g, 0.5 mmol) was dissolved in ethanol (5 cm
3) and water (2 
cm3). Tetrahydrothiophene (0.1 cm3, 1.1 mmol) was then added drop-wise, 
and the mixture stirred for 15 minutes, during which time the solution 
became yellow, then white. The mixture was then filtered and the white solid 
dried in vacuo, then placed in a flask containing DCM (5 cm3). A solution of 
Ph2PCF3 (0.12 g, 0.47 mmol) in DCM (1 cm
3) was then added, and the 
mixture allowed to stir overnight. The volatiles were then removed in vacuo, 
affording a white solid (0.13 g, 56.7 %). AuC13ClF3H10 requires H 2.07 P 6.37 
found H 1.96, P 7.0. 31P{1H} NMR: δ 30.6 (q, 2JPF = 83.6 Hz); 
19F NMR: δ -
57.6 ppm (d, 2JPF = 83.1 Hz); 
1H NMR: δ 7.64-7.72 (ortho-CH m, 4H), 7.50-
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7.57 (para-CH, m, 2H), 7.42-7.48 (meta-CH, m, 4H); 13C{1H} NMR: δ 122.6 
ppm (d, 1JPC = 41.0 Hz, ipso), 125.4 ppm (qd, 
1JCF = 317.8 Hz, 
1JPC = 56.6 
Hz), 128.6 ppm (d, 2JPC = 10.9 Hz, para), 132.0 ppm (d, 
3JPC = 2.1 Hz, 
meta), 133.5 ppm (d, 2JPC = 16.3 Hz, ortho).  
[AuCl{PPh2CF(CF3)2}], 40 
In the manner described above, K[AuCl4] (0.3 g, 0.79 mmol) was reacted 
with tetrahydrothiophene (0.14 cm3, 1.6 mmol), then the white precipitate 
isolated by filtration and dried in vacuo, then placed in a flask containing 
DCM (5 cm3). Ph2PCF(CF3)2 (0.28 g, 0.8 mmol in DCM (2cm
3)) was then 
added and the mixture allowed to stir for 1 hour, after which the volatiles 
were removed in vacuo to yield the title compound as a white solid (0.27 g, 
57.5%). AuC15ClF7H10P requires C 30.69, H 1.72, P 5.28 found C 29.96, H 
1.63, P 5.25. 31P{1H} NMR: δ 37.3 ppm (dm, 2JPF = 39.5 Hz); 
19F NMR: δ -
67.4 ppm (dd, 3JFF = 8.5 Hz, 
3JPF = 8.5 Hz), -180.9 ppm (br. d, 
2JPF = 39.5 
Hz); 1H NMR: δ 8.04 (dd, J = 14.0, 7.5 Hz, 4H), 7.56-7.62 ppm (m, 2H), 
7.47-7.52 (m, 4H). 
[AuCl{PPh2(
sC4F9)}], 41 
In a manner analogous to that described above, K[AuCl4] (0.3 g, 0.79 mmol) 
was reacted with tetrahydrothiophene (0.14 cm3, 1.6 mmol) to afford a white 
solid which was placed in DCM (5 cm3). Ph2P(sec-C4F9) (0.32 g, 0.8 mmol in 
DCM (2 cm3)) was then added and the mixture stirred for 90 minutes. Then 
the volatiles were removed in vacuo affording the title compound as a white 
solid (0.24 g, 47.1 %). C16H10AuClF9P requires C 30.17, H 1.58, P 4.87 found 
C 31.4, H 1.69, P 5.23. 31P{1H} NMR: δ 39.9 ppm (m); 19F NMR: -65.7 ppm 
(m, 3F), -79.9 ppm (m, 3F), -107.3 ppm (dddm, 2JFF = 297.8 Hz, J = 33.1 
Hz, 10.3 Hz, 1F), -111.6 ppm (dm, 2JFF = 297.8 Hz, 1F), -179.8 ppm (m, 
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1F); 1H NMR: δ 8.02-8.10 ppm (m, 4H), 7.56-7.60 ppm (m, 2H), 7.46-7.52 
ppm (m, 4H). 
[Mo(CO)5{PPh2CF(CF3)2}], 42 
[Mo(CO)6] (0.31 g, 1.17 mmol) and Me3NO.2H2O (0.13 g, 1.17 mmol) were 
dissolved in MeCN (40 cm3) under a static vacuum and allowed to stir for 1 
hour. A solution of Ph2PCF(CF3)2 (0.40 g, 1.17 mmol) in MeCN (10 cm
3) was 
then added and the mixture allowed to stir overnight. This mixture was then 
passed down a short silica column (toluene) resulting in the title compound 
as a dark brown oil that still contained some unreacted 15. IR (cm-1): 2081, 
1982, 1957, 1219, 1155, 1087. 31P{1H} NMR: δ 57.0 ppm (dsept, 2JPF = 79.3 
Hz, 3JPF = 3.1 Hz). 
19F NMR: δ -65.7 ppm (dd, 3JFF = 9.2 Hz, 
3JPF = 3.1 Hz, 
6F, PCF(CF3)2), -174.0 ppm (dsept, 
2JPF = 79.2 Hz, 
3JFF = 9.2 Hz, 1F, PCF). 
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